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PREFACE 


This  Symposium  continues  the  ongoing  MRS  series  devoted  to  the  structure  and 
dynamics  of  disordered  materials.  It  includes  sections  dedicated  to  specific 
classes  of  disordered  materials  of  particular  current  interest,  including  porous 
media,  foams,  colloids,  and  glasses.  Also,  the  structures  of  chemically 
inhomogeneous  systems  in  which  chemical  reactions  are  taking  place,  and 
pattern  formation  in  solidifying  alloys  are  each  the  subject  of  a  section.  Finally,  a 
variety  of  disordered  materials  of  interest  to  materials  science  are  included. 

This  symposium  could  not  have  taken  place  without  the  financial  support 
through  a  grant  from  the  Office  of  Naval  Research,  We  thank  Michael  F.  Shlesinger 
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support. 
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ABSTRACT 

Electrokinetic  phenomena,  such  as  electroosmosis  (fluid-flow  induced  by  applied  electric  fields) 
and  streaming  potential  (the  complementary  process)  are  known  to  exist  in  brine-saturated  porous 
media,  but  are  very  difficult  to  measure.  With  modern  instrumentation  and  an  ac  method,  we  can 
now  determine  these  transport  coefficients  accurately,  and  use  them  to  characterize  the  permeability 
k,  the  effective  throat  radius  Rg,  and  the  electric  potential  at  the  slip-plane,  or  C-potential.  Our 
study  shows  that  permeability  can  be  determined  by  two  different  means:  by  combining  the  dc 
values  of  the  streaming  potential,  electroosmotic  pressure  and  conductivity;  or  from  the  frequency 
response  of  ac  electroosmosis  alone.  The  high  sensitivity  of  the  method  allows  us  to  measure  k  over 
the  0.1-10,000  millidarcy  range  with  less  than  lOkPa  applied  pressure.  This  article  reviews  some 
of  the  basics  of  electrokinetics  and  describes  our  methods.  We  also  discuss  effects  of  brine  salinity 
and  possible  effects  due  to  the  fractal  nature  of  the  pore  surface. 

INTRODUCTION 

In  brine-saturated  porous  material,  such  as  porous  rock,  there  are  two  major  types  of  current 
flow:  flow  of  the  brine  through  the  pores,  and  flow  of  electrical  current  by  means  of  ionic  conduction. 
The  electric  current  can  be  carried  by  ions  lining  the  surface  of  the  pores  and  by  the  ions  dissolved 
in  the  brine,  with  rather  different  characteristics.  The  ability  of  fluid  to  flow  is  characterized  by 
the  rock  permeability  kr,  and  the  ability  of  electricity  to  flow  is  characterized  by  the  conductivity 
Gr  of  the  combined  brine  and  rock.  Since  both  types  of  flow  depend  on  the  microgeometry  of  the 
pores,  it  is  reasonable  to  suppose  that  kr  and  Ur  would  be  related.  Empirically,  this  has  been  found 
to  be  true,  but  the  theoretical  justifications  are  model-dependent.  We  refer  readers  to  Ref.  [l]  for  a 
summary.  Typically,  the  correlation  is  expressed  as  a  relation  between  a  geometric  constant  called 
the  formation  factor  F  and  kr.  The  formation  factor  is  defined  by 

F=(7yj/(Tr,  (1) 

where  (7^,  is  the  conductivity  of  the  bulk  fluid.  An  important  result  is  that  if  some  microgeometric 
length  scale,  such  as  the  pore  size,  throat  size  or  grain  size  can  be  determined  by  other  means,  then 
kr  may  be  estimated  from  F  [2,  3].  The  main  difficulty  has  been  to  obtain  these  lengths  reliably.  For 
example,  in  two  different  experiments  using  nuclear  magnetic  resonance  (NMR)  to  determine  pore 
sizes,  the  results  suggested  either  kr  oc  F’“^or  kr  oc  F~'^  [4,  5].  Most  recently,  we  have  demonstrated 
that  this  difficulty  can  be  overcome  by  studying  electrokinetic  phenomena  that  results  from  the 
interaction  between  the  fluid  and  electrical  currents  [6].  This  coupling  is  due  to  the  presence  of 
a  thin  space  charge  layer  at  the  pore  surface.  Although  the  effect  is  weak,  it  is  measurable,  and, 
leads  to  a  rigorous  determination  of  the  effective  pore  radius  Re  and  the  permeability  kr.  We  may 
also  define  an  effective  zeta-potential  Ce  for  the  pore  surface  in  terms  of  the  measured  electrokinetic 
coefficients. 


3 

Mat.  Res.  Soc.  Symp.  Proc,  Vol.  407  ®  1996  Materials  Research  Society 


Electrokinetic  measurements  date  from  the  experiments  of  Saxen  in  the  previous  century  [7], 
and  the  general  theory  was  codified  by  Onsager  in  1931  [8].  But  imtil  recently  electrokinetics  has 
not  been  used  as  a  way  to  explore  other  properties,  mainly  because  the  effects  are  very  weak  and 
difficult  to  measure  accurately.  Advances  in  instrumentation,  however,  have  made  it  possible  to 
make  reliable  measurements,  and  thereby  has  it  become  practical  to  revisit  this  old  territory.  In 
this  article,  we  briefly  review  electrokinetic  theory,  describe  our  measurement  techniques  in  some 
detail,  and  show  that  they  can  be  used  to  determine  kr.  In  addition,  because  the  electrokinetic 
coefficients  depend  on  the  properties  of  the  solid-liquid  interface,  we  show  that  brine  salinity  affects 
the  data  from  a  collection  of  porous  rock  samples  in  a  way  not  predicted  by  a  simple  model.  The 
disparity  suggests  that  the  flow  behavior  is  influenced  by  the  interfacial  roughness  and  chemistry. 

THEORETICAL  BACKGROUND 

Electrokinetic  phenomena  arise  from  the  presence  of  mobile  space  charge  in  an  electrolyte  at  its 
interface  with  a  solid.  In  shaly  sandstone,  exchangeable  cations  from  the  clay  become  solvated;  for 
other  solids  without  such  exchangeable  ions,  free  ions  in  the  brine  are  attracted  to  the  surface  by 
electrostatic  image  forces.  Typically,  one  species  (e.g.,  the  Cl“  anion)  becomes  chemically  adsorbed 
in  a  tightly-bound  layer  called  the  Stern  layer.  The  other  species  (e.g.,  the  Na+  cation),  forms  the 
diffuse  layer  known  as  the  Guoy-Chapman  layer.  The  combination  is  known  as  the  electrochemical 
double  layer.  The  simplest  model  that  describes  the  diffuse  layer  for  a  planar  surface  is  the  Debye- 
Hiickel  theory  [9].  It  assumes  that  the  ions  in  the  electrolyte  are  point  charges  of  ±q  and  the  surface 
charge  density  qNg  is  small  enough  to  not  cause  too  large  a  potential  change  at  the  interface.  For  a 
simple  1-1  electrolyte  (e.g.,  NaCl)  of  concentration  No,  this  theory  gives  the  diffuse-layer  thickness 


where  e  is  the  dielectric  permittivity  of  the  electrolyte  and  T  is  the  absolute  temperature.  The 
Debye-Hiickel  equations  may  also  be  solved  for  the  electrostatic  potential  ^  at  the  hydraulic  slip- 
plane.  In  the  limit  that  qC  <.  ‘IksT  , 

C  =  qNsX/e  .  (3) 

In  a  0.2  M  NaCl  solution  at  room  temperature,  A  ^  7A.  For  Eq.  (3)  to  be  valid,  Ng  must  be  much 
less  than  one  ion  in  an  area  of  300A^,  but  in  many  cases,  the  surface  charge  density  is  higher  and 
A  is  not  much  larger  than  the  ionic  size,  so  the  approximations  are  probably  poor.  Nevertheless, 
the  existence  of  a  diffuse  charge  layer  and  the  dimensional  relationships  in  Eqs.  (2)  and  (3)  are 
conceptually  important.  Because  the  ions  in  the  diffuse  layer  are  mobile  and  predominately  of  one 
species,  a  fluid  flow  which  carries  them  along  produces  an  electric  current,  called  the  streaming 
current  Conversely,  under  the  influence  of  an  applied  electric  field,  those  ions  in  the  diffuse  layer 
will  migrate  and  drag  with  them  the  nearby  fluid— a  process  called  electroosmosis. 

Experimentally,  electrokinetic  phenomena  can  be  conveniently  studied  by  measuring  two  related 
quantities:  the  streaming  potential  (STP)  and  the  electroosmotic  pressure  (ELO).  These  can  be 
understood  by  examining  the  case  of  a  simple  cylindrical  capillary,  as  shown  in  Fig.  1.  Assume 
that  it  is  placed  in  an  experimental  cell,  such  as  that  shown  in  Fig.  2;  the  cell  end-volumes  are 
closed,  the  voltage  and  pressure  across  the  capillary  may  be  monitored,  and  electric  and  fluid 
currents  may  be  injected.  In  the  case  of  STP  (Fig.  la),  a  pressure  APa  is  applied  across  the  tube, 
causing  fluid  to  flow;  for  low  flow  rates,  the  velocity  fleld  takes  on  the  classic  PoiseuiUe  parabolic 
form  (shown  by  the  straight  arrows).  Because  of  the  Gouy-Chapman  layer,  the  streaming  current 
is  created  near  the  capillary  surface  (wavy  arrows).  If  no  net  current  is  allowed,  the  streaming 
current  is  counterbalanced  by  an  opposing  ohmic  current  in  the  bulk  electrolyte,  which  is  driven 
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Figure  1;  Schematic  of  the  flow  patterns  in  a  capillary  for  electric  current  (wavy  arrows)  and  fluid 
current  (straight  arrows)  for  the  cases  of  streaming  potential  (a)  and  electroosmosis  (b). 


by  the  potential  difference  A$5  created  by  the  displacement  of  the  surface  charge.  The  streaming 
potential  coefficient  Ks,  defined  by 

Ks  =  ,  (4) 

is  constant  over  a  range  of  applied  pressure.  In  the  reciprocal  case  of  ELO  (Fig.  lb),  an  applied 
voltage  A$a  causes  an  electric  current  distributed  over  the  cross-section  to  flow;  the  current  at  the 
capillary  wall  consists  of  mostly  one  ionic  species,  and  by  viscous  coupling  sets  up  an  electroosmotic 
fluid  current.  If  the  cell  end-cavities  are  kept  sealed,  the  mass  transfer  results  in  a  pressure  differen¬ 
tial  APe  which  drives  a  Poiseuille  flow  back  in  the  interior  of  the  capillary  tube.  The  electroosmosis 
coefficient  Ke  is  defined  as 

Ke  s  .  (5) 

Measurements  of  Ks  and  K e  are  thus  very  simple  in  principle:  apply  a  known  pressure  (or  voltage) , 
and  monitor  the  induced  voltage  (or  pressure). 

In  the  case  of  the  capillary  tube,  assuming  the  validity  of  the  Debye-Hiickel  model,  Ks  and  Ke 
may  be  calculated  [9]: 

Ks  =  eC.hcTw  , 

Ke  =  8eC/^^ 


where  r)  is  the  viscosity,  cr^  the  conductivity,  and  e  the  dielectric  susceptibility  of  the  brine.  From 
these  equations,  we  can  see  that  if  C  and  R  are  unknown,  they  can  be  determined  by  measuring  Ks 
and  Ke.  Since  fluid  flow  in  porous  media  is  often  thought  to  be  equivalent  to  flow  in  a  capillary  tube 
with  an  effective  radius  Re  comparable  to  the  throat  size,  one  might  expect  that  the  measurement 
of  Ks  and  Ke  would  help  determine  Re,  and  hence  the  permeability.  In  particular,  we  note  that 
Johnson,  Koplik  and  Schwartz  have  suggested  that  h-  =  Rl/^F  is  a  good  approximation  for  most 
porous  media  [10],  If  we  identify  Re  with  R  in  Eq.  (7),  we  would  have 


kr 


8F 


KeF 


Ks7}<Tni 

KeF 


(8) 
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This  result  suggests  that  we  can  obtain  permeability  by  measuring  Ke,  Ks  and  cr^.  Although 
Eq.  (8)  is  obtained  by  assuming  a  simple  cylindrical  geometry  with  radius  \  and  the  Debye- 
Hiickel  model,  it  turns  out  to  be  generally  valid  for  any  random  porous  medium.  It  can  be  proved 
rigorously  through  nonequilibrium  thermodynamics  without  any  knowledge  of  the  pore  geometry 
or  surface  chemistry,  as  we  now  show. 

For  the  case  of  an  isotropic  porous  material,  the  flow  equations  have  the  form 

J,  =  -LuV^-LuVP  (9) 

=  -T2iV^-L22VF  (10) 


where  Jg  and  J /  are  the  electric  and  fluid- volume  current  densities,  ^  and  P  are  the  electrostatic 
potential  and  the  pressure  fields.  The  diagonal  coefficients  Ln  and  L22  may  interpreted  as  (t  and 
k/rj,  respectively,  in  the  respective  cases  of  VF  =  0,  and  =  0;  that  is,  they  are  not  strictly 
equal  to  CTr  and  kr/rj.  The  Lu  term  represents  the  streaming  current  and  the  L21  term  represents 
the  electroosmotic  current.  The  coefficients  Ks  and  Ke  are  found  when  the  relevant  current  is 
equal  to  zero.  Under  steady  state,  Ks  is  obtained  when  there  is  only  fluid  flow  and  no  net  electric 
current: 


Ks^- 


V<E> 

VF 


^11 


(11) 


from  Eq.  (9).  Similarly,  Ke  is  obtained  when  there  is  only  electric  current  and  no  net  fluid  current: 


K  - 


Jf=0 


L21 

L22 


(12) 


from  Eq.  (10).  Within  the  framework  of  linear  nonequilibrium  thermodynamics,  equations  such  as 
(9)  and  (10)  give  the  response  of  the  thermodynamic  fluxes — the  electric  and  fluid  currents — to  the 
thermodynamic  forces — the  electric  and  pressure  fields.  Thus  Onsager’s  theorem  applies,  and  we 
have  Li2  —  F21  [11].  Consequently, 


1/22  =  Lii{Ks/Ke)  ■ 


(13) 


Experimentally,  one  measures  kr  or  cr^  in  the  absence  of  the  complementary  flow,  but  without  re¬ 
gard  to  the  presence  of  the  complementary  field  or  VF,  by  use  of  Darcy’s  law,  J/  =  —kr/rjSJP, 
or  Ohm’s  law,  Jg  =  -£ry.V^».  For  example,  to  measure  ar  we  apply  an  electric  field  -V$  to  the  sys¬ 
tem  and  measure  Je  while  holding  J/  =  0.  From  Eqs.  (9)-(12),  we  find  that  ctj.  =  Ln  (1  —  KsKe)', 
similarly,  kr/r]  —  L22(l  —  A^^Ae).  By  Onsager’s  relation  through  Eq.  (13),  we  obtain  the  final  result 
of  Eq.  (8)  in  a  way  that  involves  no  assumption  of  the  pore  geometry  or  double-layer  structure. 
Indeed  the  generality  of  the  argument  allows  us  to  define,  as  suggested  by  Elqs.  (6)  and  (7),  the 
effective  pore  radius  Re  and  the  effective  C-potential  Q  through  the  electrokinetic  coefficients  [6]: 

Rl  =  S'na^iKs/KE),  (14) 

Ce  =  Ksfl^w/ •  (1^) 


EXPERIMENTAL  METHOD 

Typically  Ks  and  Ke  are  small  relative  to  the  noise  in  the  experimental  environment.  In  an 
early  investigation  of  STP  [12],  fluid  pressure  up  to  a  few  hundred  PSI  was  used  to  produce  a 
signal  of  about  10  mV.  The  coefficient  Ks  was  not  found  to  be  constant  over  the  range  of  applied 
pressure;  this  was  probably  because  the  pore  structure  changed  with  increasing  pressure.  Also, 
measurement  electrodes  may  have  polarization  voltages  larger  than  10  mV,  which  vary  according 
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Figure  2:  Experimental  Cell  used  for  electrokinetics  experiments.  See  text  for  explanation. 


to  unknown  surface  conditions.  To  make  good  measurements,  we  have  to  keep  the  fluid  pressure 
low  and  detect  a  signal  much  weaker  than  typical  background  noise. 

To  overcome  these  problems,  we  employ  an  ac  technique  based  on  lock-in  amplification.  This 
method  has  proven  to  be  useful  in  detecting  signals  that  are  several  orders  of  magnitude  lower  than 
the  total  background  noise  [13].  For  example,  in  our  experimental  cell,  we  apply  ac  fluid  pressures 
below  10  kPa  (<1.5  psi)  and  ac  voltages  below  the  threshold  for  electrolysis  (<  1  volt),  both  at 
fixed  frequencies.  Room  vibrations  give  roughly  10  Pa  pressure  noise  in  the  frequency  window  of 
our  transducer  (0-10  Hz),  and  electrode  polarization  produces  broad  band  voltage  noise  at  low 
frequencies  (<  1  Hz)  that  varies  over  tens  of  millivolts.  Yet  we  are  able  to  detect  ELO  pressure 
oscillations  below  1  Pa  and  STP  voltage  oscillations  below  1  /iV,  at  the  driving  frequencies.  This 
level  of  resolution  is  important  because  typical  values  of  Ks  and  Ke  are  at  the  level  of  10“®  V/Pa 
and  1  Pa/V.  Another  advantage  of  the  lock-in  technique  is  that,  in  addition  to  using  the  low 
frequency  data  to  extrapolate  to  the  dc  limit  where  Eq.  (8)  is  exact,  we  can  measure  Ks  and 
Ke  over  a  range  of  driving  frequencies.  The  frequency  response  of  Ke  gives  another  method  to 
determine  permeability,  as  we  show  below.  We  now  turn  to  the  specific  implementation  of  the 
technique. 

Figure  2  depicts  the  sample  cell  we  used  in  the  measurements.  The  samples  of  rock  or  fused- 
glass-beads  are  cut  into  cylinders  of  4  cm  length  by  2  cm  diameter.  They  are  glued  into  a  Lucite 
sleeve,  and  then  vacuum-impregnated  with  brine  and  allowed  to  equilibrate  for  many  days.  The 
brine  saturated  sample  is  held  by  two  collars  fitted  with  Ag/AgCl  ring  electrodes  that  are  used  to 
sense  the  voltage  across  the  sample,  which  are  in  turn  held  by  two  rigid  end-cavities  that  connect  to 
either  end  of  a  differential  pressure  transducer.  Each  cavity  also  contains  an  Ag/AgCl  disk  electrode 
for  sending  electric  current  through  the  cell.  The  overall  dimensions  of  the  cell,  made  of  Lucite,  are 
approximately  25  x  10  X  10  cm^. 

To  measiue  cr,.,  we  monitor  the  ac  voltage  between  the  ring  electrodes  and  the  ac  current  through 
the  disk  electrodes.  For  Ke  measurements,  we  pass  an  ac  current  through  the  disk  electrodes  and 
record  both  the  ac  pressure  and  ac  voltage  across  the  sample.  During  both  of  these  measurements, 
it  is  important  that  the  cell  be  closed  and  free  of  trapped  air.  Only  a  tiny  amount  of  fluid  is 
moved  back  and  forth  between  the  two  end-cavities;  trapped  air  is  highly  compressible,  and  would 
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Figure  3:  Schematic  of  experimental  setup,  (a)  Electroosmosis  and  conductivity,  (b)  Streaming 
potential 


substantially  reduce  the  pressure  signal. 

For  Ks  measurements,  we  modify  the  cell  slightly.  One  end-cavity  is  opened  to  atmospheric 
pressure  and  the  other  is  replaced  by  an  end-piece  that  is  sealed  with  a  flexible  latex  membrane.  A 
linear  bearing  supports  a  push  rod  that  is  placed  against  membrane  and  attached  to  a  loudspeaker 
driven  by  an  audio  amplifier.  This  allows  us  to  apply  an  oscillating  pressure  to  one  side  of  the 
sample.  is  obtained  by  comparing  the  applied  pressure  to  the  induced  voltage  oscillations 
across  the  sample. 

The  pressure  transducer  is  piezo-resistive  and  incorporates  a  Wheatstone  bridge — its  output 
is  proportional  to  the  supply  voltage  and  the  pressure  differential.  In  STP  measurements,  where 
the  pressure  is  mechanically  applied  by  the  loudspeaker,  the  signal  is  well  above  the  pressure  noise 
when  the  bridge  is  powered  by  a  10  V  dc  supply.  However,  the  differential  pressure  resulting 
from  electroosmosis  requires  better  signal-to-noise  ratio.  The  bridge  is  placed  in  a  separate  lock-in 
amplifier  loop.  At  200  Hz  drive  frequency  (much  higher  than  the  ELO  response),  this  secondary 
lock-in  improves  the  S/N  ratio  by  10^-10®  and  we  can  detect  ELO  pressure  down  to  100  mPa  RMS. 

Two  experimental  stations  measure  the  ac  quantities.  The  first,  shown  in  Fig.  3a,  measures 
Kp  and  cr^.  It  comprises  a  Solartron  model  1286  Electrochemical  Interface  as  a  current  source,  a 
Solartron  model  1255  Frequency  Response  Analyzer  (FRA)  as  the  frequency  generator  and  dual 
lock-in  amplifier,  a  Stanford  Research  SR850  lock-in  amplifier  for  the  pressure  transducer,  and  two 
custom-built  phase-matched  high-impedance  preamplifiers.  A  computer  with  lEEEl-GPIB  interface 
(not  shown)  controls  the  instruments  and  saves  the  data.  The  second  station  (Figure  3b) ,  measures 
Ks,  and  consists  of  a  Hewlett-Packard  HP3562A  Dynamic  Signal  Analyzer  (DSA)  in  the  same 
role  as  the  Solartron  1255,  a  dc  audio  power  amplifier  and  a  modified  loudspeaker  to  provide  the 
oscillating  pressure,  two  high-impedance  preamplifiers,  and  a  dc  supply  for  the  pressure  transducer. 

A  third  experimental  station  measures  the  Darcy  permeability  in  the  conventional  way  (not 
shown)  by  means  of  a  computer-controlled  syringe  pump.  Prom  the  pressure-drop  at  different  flow 
rates,  we  deduce  the  Darcy  permeability.  We  refer  to  this  as  the  direct  permeability  and  denote  it 
by  fcrf,  and  call  the  permeability  derived  from  Eq.  (8)  the  electrokinetic  permeability  fcg- 
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Table  1;  Measurements  of  the  electrokinetic  coefficients  extrapolated  to  the  dc  limit,  and  the 
calculated  permeability  based  on  arguments  given  in  the  text.  The  abbreviation  “FB”  stands  for 
“Fontainebleau”.  The  brine  concentration  is  0.2M  NaCl.  The  Darcy  permeability  kd  is  measured 
directly.  The  plot  in  Fig.  5  is  derived  from  this  table. 


Sample 

Porosity 

Ks 

(nV/Pa) 

Kb 

(Pa/V) 

fee 

(mD) 

fed 

(mD) 

(mV) 

R. 

(^m) 

Sandstones 

FB-A 

22.3 

5.48(0.63) 

0.334(0.069) 

2562(747) 

2239(385) 

13.9(2.5) 

15.4(4.7) 

FB-B 

16.8 

7.42(0.38) 

0.620(0.021) 

1120(207) 

988.7(187) 

18.8(2.8) 

13.1(2.8) 

FB-C 

6.7 

7.36(0.60) 

21.9(0.33) 

3.710(0.711) 

5.958(1.62) 

18.7(3.0) 

2.20(0.48) 

Berea-A 

22.9 

9.47(0.058) 

2.25(0.099) 

678.5(119) 

684.0(116) 

24.1(3.3) 

7.78(1.6) 

Berea-B 

20.5 

8.44(0.27) 

23.8(0.20) 

32.08(5.69) 

39.16(7.46) 

21.4(3.1) 

2.26(0.47) 

Bandera 

21.9 

7.54(0.26) 

684(45) 

1.275(0.243) 

1.431(0.247) 

19.2(2.7) 

0.40(0.09) 

Limestones 

Whitestone 

29 

2.67(0.28) 

28.2(0.53) 

9.017(1.93) 

6.403(1.72) 

6.77(1.2) 

1.17(0.29) 

Indiana 

15 

4.82(0.16) 

48.3(3.7) 

4.897(0.935) 

5.134(0.892) 

12.3(1.7) 

1.20(0.26) 

Fused  Glass  Beads 

50nm-A  10.1 

7.54(0.41) 

27.2(0.82) 

8.900(1.64) 

8.091(1.41) 

19.1(2.9) 

2.00(0.42) 

50/xm-B 

17.1 

8.49(0.63) 

14.3(0.47) 

66.48(12.7) 

69.28(12.2) 

21.6(3.4) 

2.92(0.63) 

lOO/^m 

19.3 

7.90(0.75) 

1.87(0.33) 

620.2(164) 

602.3(105) 

20.1(3.4) 

7.79(2.2) 

200/xm 

29.8 

4.88(0.39) 

0.159(0.03) 

6118(2230) 

4439(1410) 

12.4(2.0) 

21.0(9.7) 

RESULTS 

We  chose  a  suite  of  12  samples  to  carry  out  our  investigation:  six  sandstones,  two  carbonates 
and  four  fused-glass-beads.  Their  basic  properties  are  summarized  in  Table  1.  Their  permeabilities 
span  a  range  over  3  decades:  ~  1—4000  mD.  The  samples  were  saturated  with  a  succession  of  brine 
concentrations:  0.05-0.8  M  NaCl  in  deionized  H2O. 

The  measured  frequency  response  of  (Tr,  Ke  and  Kg  for  all  cases  are  similar  [6].  The  magnitude 
of  the  electrical  conductivity  (Tr  is  nearly  constant  over  the  range  10“^  —  10^  Hz,  with  a  very  slight 
increase  of  about  0.1  %/decade  with  increasing  frequency.  At  the  same  time,  the  phase  angle  does 
not  tend  asymptotically  to  zero  at  low  frequency,  but  to  a  small  constant  value,  typically  about 
0.1°.  This  is  an  example  of  the  constant-phase-angle  (CPA)  impedance  often  seen  in  electrochemical 
systems  [14],  and  is  most  likely  due  to  slow  adsorption-desorption  of  ions  at  the  surface  when  the 
potential  is  varied  [15,  16].  Here,  because  the  variation  with  frequency  is  weak,  we  regard  the 
response  below  1  kHz  as  flat.  The  magnitude  of  Kg  is  fairly  constant  below  10  Hz.  At  65  Hz 
and  higher,  mechanical  resonances  dominate  the  signal.  Theoretically,  the  establishment  of  the 
streaming  potential  requires  the  fluid  velocity  in  the  diffuse  layer  to  be  in  steady  state  and  the 
charge  density  in  the  brine  to  reach  equilibrium.  The  viscous  relaxation  time  Ty  of  the  diffuse 
layer  {r^  «  pX^/rj,  where  p  is  the  brine  density)  [17],  and  the  RC-relaxation  time  Te  of  the  brine 
(re  =  Eyj/ ay)  must  be  attained.  As  both  of  these  times  are  typically  about  1  ns,  the  STP  data  can 
be  regarded  as  frequency  independent  in  our  measmement  window. 

The  data  for  Ke  differ  qualitatively  from  the  ar  and  Kg  data.  Figure  4  shows  that  Ke  has  a 
strong  relaxation  below  1  Hz.  This  behavior  follows  from  the  combined  characteristics  of  our  cell 
design  and  the  particular  sample,  to  be  discussed  shortly.  For  testing  Eq.  (8),  we  use  the  data  weU 
below  the  relaxation  frequency  to  estimate  the  dc  value  of  Ke- 

In  Table  1,  we  list  the  estimated  dc  values  of  cr,.,  Ke  and  Kg  for  all  12  samples  saturated  with 
0.2M  NaCl  solution  and  the  estimated  error  for  each  case.  The  values  of  fee,  Re  and  Ce  calculated 
from  Eqs.  (8),  (14)  and  (15)  are  also  listed.  The  comparison  of  the  electrokinetic  permeability  fee  to 
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Figure  4:  The  magnitude  (O)  ^^d  phase  (y)  of  the  electroosmosis  coefficient  for  the  Berea- B 
sandstone  saturated  with  0.2M  NaCl  brine.The  solid  lines  are  fits  to  Eq.  (20). 


the  directly  measured  Darcy  permeability  ka  for  the  collection  of  12  samples  is  shown  in  Fig.  5  where 
the  straight  line  is  the  prediction  of  Eq.  (8).  We  can  see  clearly  that  the  prediction  is  borne  out  for 
all  the  samples  independent  of  their  detailed  characteristics.  The  reason  is  that  Onsager’s  relation 
is  a  general  thermodynamic  relationship.  The  agreement  between  ke  and  kd  is  always  within  our 
measurement  error.  An  important  source  of  error  comes  from  measuring  dc  permeability  according 
to  Darcy’s  law.  In  such  measurements,  a  significant  pressmre  gradient  has  to  be  applied  across  the 
sample  to  produce  the  flow.  This  inevitably  stresses  the  sample  in  a  nonuniform  way  which  can 
change  the  pore  geometry  [6].  The  advantage  of  the  electrokinetic  measurement  is  that  it  can  be 
made  under  whatever  confining  pressure  and  fluid  pressure  with  very  small  pressure  gradient  so 
that  the  pore  geometry  is  not  altered  appreciably.  Hence  ke  gives  the  true  permeability  under  the 
correct  pressure  condition  of  the  sample  or  the  rock  formation. 

As  we  have  noted,  the  frequency  response  of  Ke  depends  on  the  sample  characteristics  and  the 
design  of  our  cell.  It  is  easy  to  show  that  the  relaxation  frequency  is  in  fact  directly  proportional 
to  kr‘,  this  gives  another  way  to  determine  kr.  We  note  that  in  the  electroosmosis  measurement, 
electric  current  driven  through  the  sample  moves  fluid  from  one  end-cavity  of  the  cell  to  the  other. 
Even  though  the  cavities  are  closed,  the  tubing  connected  to  the  pressure  transducer  and  the  O- 
rings  that  seal  the  cell  compartments  are  relatively  compliant  compared  to  the  brine,  sample  and 
other  parts  of  the  cell.  Thus,  when  a  small  volmne  of  water  6V  is  moved  into  an  end-cavity,  the 
cavity  volume  V  expands  slightly  in  response  to  the  pressure  change  6P.  This  elastic  behavior  of 
the  cavity  is  characterized  by  an  effective  bulk  modulus  k,  =  V{5P/6V).  Assiuning  that  the  sample 
has  length  Ls,  and  cross-sectional  area  A,  and  the  cell  has  end-cavity  volumes  Vi  and  V2  which 
differ  in  pressure  and  voltage  by  p  and  v,  we  can  rewrite  Eq.  (10)  as 


A  dt 


=  —  T217 - h  L22 

Ls 


JL 

Ls  ’ 


(16) 


where  dV^  is  the  amoimt  of  fluid  moved  in  time  dt.  The  volume  change  in  the  end-cavities  are 
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Darcy  PermeabiJity  (mD) 


Figure  5;  The  Darcy  permeability  kd  compared  to  the  electrokinetic  permeability  ke  as  derived 
from  Eq.  (8)  for  a  collection  of  8  natural  rock  samples  and  4  fused-glass-bead  samples.  The  solid 
line  is  k^  —  kd-  The  filled  symbols  give  the  results  from  the  true  equilibrium  Ke\  the  open  symbols 
are  from  Ke  calculated  from  its  ac  value  at  a  phase  angle  of  45°. 


SVi  =  -~8V2  —  —dV^  so  the  resulting  pressure  changes  in  are  dPi  =  —KdV/V\  and  dP2  = 
respectively.  Hence  the  total  change  in  differential  pressure  is  dp  =  dP2-dPi  =  K.dV{ViPV2)IViV2. 
With  this,  we  eliminate  dF  in  Eq.  (16)  to  obtain 


(  dp  (17) 

\K{Vi  +  V2)A)  dt 

With  Eq.  (12)  and  the  definition  Ur  =  [kL22A{Vi  +  V^)]  /  {LSV1V2),  this  equation  is  simplified  to 

-^+p(t)  =  -KEv{i).  (18) 

UJr  dt 

Equation  (18)  has  the  form  of  the  differential  equation  that  describes  a  series  RC-circuit  driven 
by  an  applied  voltage  v{t),  with  l/ujr  playing  the  role  of  the  RC  time  constant.  Analogously,  the 
sample  plays  the  role  of  a  hydraulic  resistance  and  the  end-cavities  act  as  hydraulic  capacitors.  For 
a  sinusoidal  drive  voltage  v{t)  =  the  solution  is 


p{t)=poe^^  = 


-KEVge^"^ 

l-{-iu/Ur 


(19) 


Hence,  even  though  Ke  for  the  rock  is  a  constant  over  our  experimental  frequency  range,  the 
observed  ELO  coefficient  has  a  frequency  response  in  the  form  of  a  Debye  relaxation; 


„obs  ^  ^  ^  Ke  - 

®  1  +  iw/Wr  \/l  +  (u/WrY 


(20) 
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Table  2:  The  formation  factor  and  power-law  exponents  for  the  12  samples  taken  from  fits  to  the 
data  obtained  with  0.05,  0.1,  0.2,  0.4,  and  0.8M  NaCl  brine  saturation.  The  exponents  are  defined 
by  the  relations  Ks  =  Ke  =  and  The  capiUary-tube  model  predicts 

US  =  1.50,  UE  -  0.50,  and  =  0.50.  The  abbreviation  “FB”  stands  for  “Fontainebleau”. 


Sample 

Form,  factor 

F  =  aw/ar 

Vs 

Ve 

Sandstones 

FB-A 

11.4 

1.41 

0.40 

0.38 

FB-B 

19.8 

1.41 

0.54 

0.39 

FB-C 

137 

1.40 

0.37 

0.38 

Berea-A 

11.6 

1.21 

0.29 

0.19 

Berea- B 

21.2 

1.03 

0.38 

0.01 

Bandera 

19.8 

0.77 

0.22 

-0.26 

Limestones 

Whitestone 

17.1 

1.40 

0.70 

0.38 

Indiana 

37.0 

1.30 

0.32 

0.28 

Fused  Glass  Beads 

50/im-A 

58.8 

1.07 

0.49 

0.04 

50/.tm-B 

17.1 

1.20 

0.02 

0.18 

100pm 

13.3 

1.17 

0.23 

0.15 

200pm 

9.04 

1.39 

0.47 

0.37 

where  the  phase  angle  6  is  defined  by  tan  5  ^ojjujr-  Figure  4  illustrates  how  well  the  data  for 
and  6  fit  the  Debye  relaxation.  The  same  holds  for  all  our  samples. 

With  the  above  understanding  of  the  measured  we  can  use  its  magnitude  and  phase  at  a 

particular  frequency  to  obtain  Ke  from  Eq.  (20).  To  illustrate,  we  arbitrarily  choose  the  frequency 
w  where  <5  =  45°,  and  record  the  magnitude  of  which  should  correspond  to  Ke!^-  This  is 
used  to  calculate  ke  according  to  Eq.  (8).  The  result  is  depicted  by  the  open  symbols  in  Fig.  5,  and 
as  is  evident,  is  essentially  the  same  as  that  obtained  from  the  low-frequency  limit  of 

The  ELO  frequency  response  itself  may  also  be  used  to  determine  kr-  Since  Ur  oc  L22,  and 
L22  oc  kr/r]^  the  frequency  response  of  a  known  sample  can  be  used  to  calibrate  the  cell  and 
the  permeability  of  an  unknown  sample  can  be  obtained  by  comparing  its  relaxation  frequency 
ujr  with  the  known  sample.  An  example  of  this  approach  is  shown  in  Fig.  6,  where  we  plot  the 
permeability  (both  ke  and  ka)  versus  the  relaxation  frequency.  The  proportionahty  between  k  and 
Ur  is  represented  by  the  straight  line.  Clearly,  knowing  the  permeability  of  one  sample  will  fix  the 
position  of  this  line  so  that  a  measurement  of  Ur  alone  is  sufficient  to  give  k,  and  according  to  the 
discussion  above,  Ur  can  be  obtained  by  measuring  the  phase  angle  5  at  a  single  frequency  u. 


OPEN  QUESTIONS 

So  far,  we  have  shown  how  the  electrokinetic  coefficients  Ke  and  Ks  are  related  to  other 
macroscopic  transport  coefficients  such  as  and  kr-  Much  less  is  known  about  how  Ke  and  Ks 
are  related  to  the  microscopic  properties  of  the  porous  media,  e.g.,  how  Ke  and  Ks  depend  on 
the  double-layer  structure,  which  in  turn  depends  on  the  brine  concentration  TVq,  the  interfacial 
chemistry  and  geometry.  Of  these,  the  first  is  easiest  to  control;  what  might  one  see  by  varying  Ao? 
One  prediction  comes  from  the  simple  capillary  tube  model.  For  low  salinity,  the  brine  conductivity 
cr.uj  is  proportional  to  No-  Applying  Eqs.  (2)  and  (3)  in  Eqs.  (6)  and  (7),  we  find  [18] 
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Figure  6:  The  relationship  between  the  relaxation  frequency  Ur  and  the  permeability  ke,d  for  the 
12  samples.  On  the  log-log  plot,  the  slope  of  the  line  is  1,  indicating  a  direct  proportionality. 

Kr  oc  (21) 

oc  cr-i/2.  (22) 

To  test  these  predictions, we  carried  out  measurements  for  brine  concentrations  of  0.05,  0.1,  0.2, 
0.4,  and  0.8M  NaCl.  Our  results  show  that  Ks  and  Ke  follow  a  power-law,  but  the  exponents  do 
not  agree  with  Eqs.  (21)  and  (22).  These  are  summarized  in  Table  2. 

This  discrepancy  is  not  understood,  but  they  suggest  that  the  fractal  nature  of  the  pore  surface 
and  interfacial  chemistry  may  be  important.  We  note  that,  unlike  a  capillary  tube,  sandstone  is 
known  to  have  fractally  rough  pore  surfaces  for  length  scales  above  a  few  angstroms  [19,  20,  21]. 
The  screening  length  A  provides  a  natural  length  scale  to  measure  any  property  of  the  surface. 
Since  a  fractal  surface  is  expected  to  exhibit  scaling  behavior,  one  expects  Ks  and  Ke  to  have  a 
power-law  dependence  on  A,  and  hence  in  cr^.  This  qualitative  argument  applies  to  Rq  and  Q  as 
well  but  there  is  no  quantitative  theory  to  relate  all  the  exponents  to  the  fractal  dimension  at  this 
time.  On  the  other  hand,  the  sample  could  be  physically  changed  when  the  brine  concentration 
was  changed,  but  our  remeasurements  maintain  the  original  trends. 

Another  open  question  is  the  role  of  interfacial  chemistry,  e.g.,  adsorption  and  desorption  of  ions 
in  the  Stern  layer  can  occur  in  response  to  the  charge  movement  in  the  diffuse  layer.  Eqs.  (2)-(3) 
and  (6)-(7)  do  not  account  for  such  effects  which  may  be  the  cause  for  the  constant-phase-angle 
impedance  seen  in  our  samples.  These  effects  may  depend  on  brine  concentration,  local  geometry, 
ion  type  and  temperature.  We  are  currently  pursuing  some  of  these  studies. 

A  peculiar  effect,  not  seen  in  all  of  the  samples,  is  that  fcg  and  Re  can  vary  with  cTw  Assuming 
that  the  fractal  roughness  is  responsible  for  the  power-law  dependence  on  aw ,  we  have  previously 
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suggested  that  flow  circulations,  caused  by  the  electrokinetic  dynamics  may  produce  eddy  currents 
that  reach  much  farther  into  the  pore  spanes  than  the  typical  size  of  A  [18].  It  is  also  possible  that 
the  presence  of  the  double  layer  lead  to  the  breakdown  of  the  usual  no-slip  boundary  condition  of 
viscous  flow.  When  the  structure  of  the  double  layer  is  changed  at  the  nanometer  scale,  it  could 
affect  the  effective  flow  radius  Re  on  the  micrometer  scale. 

CONCLUSION 

We  have  shown  that  ac  technique  allows  us  to  determine  Ke  and  Ks  with  a  high  level  of 
accuracy.  The  coefficients  can  be  used  to  deduce  as  well  as  a  unique  radius  that  controls 
the  flow  of  charge  and  fluid  {Re)  and  an  effective  the  zeta  potential  (Ce)-  These  two  microscopic 
parameters  of  the  porous  media  cannot  be  easily  obtained  otherwise.  There  is  much  potential  for 
using  the  methods  to  improve  our  understanding  of  other  properties  of  the  porous  media,  e.g.,  the 
roles  of  surface  roughness  and  chemistry  in  the  flow  dynamics. 
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ABSTRACT 

Experiments  show  that  the  coexistence  region  of  a  vapor-liquid  system  or  binary  liquid 
mixture  is  dramatically  narrowed  when  the  fluid  is  confined  in  a  dilute  porous  medium  such 
as  a  silica  aerogel.  We  propose  a  simple  model  of  the  gel  as  a  periodic  array  of  cylindrical 
strands,  and  study  the  phase  behavior  of  an  Ising  system  confined  in  this  geometry.  Our 
results  suggest  that  the  coexistence  region  should  widen  out  at  lower  temperatures,  and 
that  the  narrowness  observed  near  the  critical  point  may  be  a  fluctuation-induced  effect. 

INTRODUCTION 

Simple  liquids  and  many  binary  liquid  mixtures  exhibit  phase  separation  below  a 
critical  temperature.  When  they  are  confined  in  dilute  porous  media  such  as  silica  gels, 
however,  their  phase  behavior  is  dramatically  altered.  For  example,  Wong  and  Chan 
showed  that  the  vapor-liquid  coexistence  curves  of  ^He  and  nitrogen  are  shifted  to  lower 
temperatures  and  higher  densities,  and  are  narrowed  by  factors  of  order  15  or  more[l]. 
In  addition,  Zhuang  and  Cannell  recently  found  that  the  coexistence  curve  of  the  binary 
isobutyric  acid/ water  mixture  is  greatly  narrowed  when  a  silica  gel  is  present  [2].  The  fact 
that  two  vapor-liquid  systems  and  a  binary  liquid  mixture  show  the  same  behavior  when 
confined  in  dilute  gels  suggests  some  degree  of  universality  in  the  phenomenon.  However, 
it  is  highly  surprising  that  a  small  amount  of  impurity  in  the  form  of  a  dilute  gel  can  have 
such  a  pronounced  effect  on  the  phase  diagram. 

In  this  work,  we  propose  a  simple  model  that  permits  analytical  treatment  and  appears 
to  capture  the  observed  behavior.  Previous  theoretical  approaches  have  concentrated  on 
the  effects  of  disorder  in  the  gel  structure  by  modeling  the  system  as  a  random  field  Ising 
model[3],  and  have  failed  to  reproduce  the  observed  narrow  coexistence  curve.  In  contrast 
to  the  random  field  approach,  we  neglect  disorder  and  instead  focus  on  the  effects  of 
strong  surface-fluid  interactions,  which  preferentially  attract  one  phase  over  the  other  to 
the  surface  of  the  gel  strands.  To  capture  aspects  of  the  gel  structure  without  including 
disorder,  we  model  the  porous  medium  as  a  periodic  array  of  cylindrical  strands.  A  dilute 
silica  gel,  with  volume  fraction  between  1-5%,  is  a  fractal  network  of  thin  strands  up  to 
some  crossover  length,  typically  between  20-100  nm,  and  is  random  at  larger  length 
scales  [4].  By  modeling  this  structure  as  a  periodic  system,  we  neglect  disorder  as  well  as 
the  fractal  character  of  the  structure[5],  but  we  preserve  the  characteristic  mesh  size  ^x  as 
the  lattice  spacing  of  the  periodic  network,  and  we  retain  the  fact  that  the  internal  surface 
is  correlated  into  strands  of  nonzero  radius  a.  The  model  reproduces  a  narrow  coexistence 
region  near  the  critical  point,  in  qualitative  agreement  with  the  experimental  results.  At 
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lower  temperatures,  however,  we  find  that  the  coexistence  region  widens  abruptly.  This 
prediction  provides  a  challenge  to  experiments. 

THEORY  AND  ANALYSIS 


The  specific  model  porous  medium  that  we  have  studied  is  an  hexagonal  array  of 
infinitely  long  thin  cylinders  of  radius  a,  which  represent  gel  strands,  spaced  at  a  distance 
apart.  We  take  advantage  of  the  proximity  to  a  critical  point  to  make  use  of  univer¬ 
sality  and  to  couch  the  problem  in  terms  of  the  Ising  model.  Thus,  we  picture  the  space 
in  between  strands  as  filled  with  a  lattice  of  spins  that  can  point  either  up  or  down,  and 
that  are  coupled  by  nearest-neighbor  ferromagnetic  interactions.  We  follow  previous  work 
in  the  wetting  literature  by  assuming  that  each  cylindrical  surface  exerts  a  local  surface 
field,  that  prefers  spins  at  the  surface  to  point  up[6].  In  addition,  there  is  a  uniform 
magnetic  field,  H,  applied  to  all  spins.  The  interesting  regime  is  where  H  favors  spins  to 
point  down,  in  opposition  to  Hi ;  if  both  H  and  Hi  favor  up-spins,  then  the  system  will  lie 
in  the  single-phase  region  with  most  spins  pointing  up[7].  We  make  the  further  approxi¬ 
mation  of  coarse-graining  the  system  and  using  Landau- Ginzburg  theory  to  solve  for  the 
magnetization  as  a  function  of  position,  m(f).  The  main  advantage  of  our  periodic  model 
is  that  the  magnetization  profile  is  also  spatially  periodic.  In  addition,  the  magnetization 
is  independent  of  .ar,  the  coordinate  along  the  axial  direction  of  the  strands.  It  is  therefore 
sufficient  to  solve  for  m{f)  in  the  two-dimensional  hexagonal  unit  cell.  Finally,  we  adopt 
the  Wigner-Seitz  approximation,  replacing  the  hexagonal  unit  cell  by  a  circular  one  of  the 
same  area.  Thus,  the  final  geometry  that  we  solve  is  a  circular  annulus,  where  the  inner 
radius  is  the  strand  radius  a  and  the  outer  radius  b  is  related  to  the  distance  between 
strands  by  b{(x)  =  In  order  to  ensure  continuity  of  the  derivative  of  m(r), 

the  radial  derivative  of  the  magnetization  at  the  boundary  of  the  unit  cell  must  be  zero. 
The  free  energy  functional  to  be  minimized  is 


fi[mj  =  +  J  dr(r/a) 


fB(m(r))  -  Hm(r)  + 


(1) 


where  H  is  the  uniform  magnetic  field  and  /c  is  a  molecular  length  related  to  the  interaction 
range.  The  surface  free  energy  is  a  function  of  the  magnetization  at  the  surface  of  the 
strand  at  r  =  a\ 


—  HiVfls  2^^^’ 


(2) 


where  Hi  is  the  surface  field  and  g,  the  surface  enhancement  parameter,  is  typically  neg¬ 
ative  to  reflect  the  fact  that  spins  at  the  surface  have  fewer  neighbors  than  those  in  the 
bulk[6].  Finally,  the  bulk  free  energy  is 


fsim)  =  (3) 

where  u  >  0  sets  the  width  of  the  coexistence  curve  of  the  pure  system.  The  parameter  t  is 
proportional  to  the  reduced  temperature  {T—Tc)/Tc.  When  H  is  negative,  the  minimum  of 
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the  bulk  free  energy  lies  at  a  negative  value  of  m.  Thus,  Eq.  1  represents  the  competition 
of  three  effects;  the  surface  term  favors  a  high  positive  magnetization  near  the  strand 
because  Hi  is  positive,  the  bulk  free  energy  favors  a  negative  magnetization  away  from 
the  strand  because  H  is  negative,  and  the  square  gradient  term  favors  gradual  spatial 
changes  in  the  magnetization.  Minimization  of  Eq.  1  yields  a  second-order,  nonlinear 
differential  equation  for  m{r)  that  we  solve  numerically,  using  a  relaxation  method[8].  We 
then  compute  the  average  magnetization  m  =  2  jj*  drrm{r) / -  a^).  The  resulting  fh  vs. 
H  isotherms  are  used  to  construct  the  coexistence  curve. 

The  results  of  the  analysis  are  shown  in  Fig.  1,  where  we  have  plotted  the  phase 
diagram  in  the  magnetization-temperature  plane.  The  solid  line  represents  the  coexistence 
curve  of  the  pure  system,  while  the  dashed  line  is  the  coexistence  curve  of  the  system 
confined  in  a  4%-volume-fraction  periodic  gel.  Note  that  the  presence  of  the  gel  causes  the 
critical  point  to  shift  to  higher  magnetization,  fhc  >  0,  and  lower  temperature,  tc  <  0.  The 
shift  towards  higher  magnetization  results  from  the  preference  of  the  surface  for  up-spins, 
while  the  shift  towards  lower  temperature  results  from  the  competition  between  the  surface 
field,  Hi  >  0,  and  the  bulk  magnetic  field,  H  <  0,  which  discourages  long-range  order.  This 
qualitative  shift  of  the  critical  point  to  higher  m  and  lower  t  is  consistent  with  experimental 
results,  but  there  are  significant  differences.  For  example,  the  dashed  coexistence  curve  in 
Fig.  1  is  much  wider  than  the  experimentally  observed  coexistence  curve.  The  second  and 
more  significant  difference  lies  in  the  position  of  the  new  coexistence  curve.  The  right  edge 
of  the  dashed  curve  in  Fig.  1  falls  outside  the  bulk  coexistence  curve,  while  the  right  edge 
of  the  experimental  curve  falls  well  inside  the  bulk  coexistence  curve[l]. 

The  fact  that  a  mean  field  treatment  of  the  periodic  model  fails  to  yield  a  narrow 
coexistence  curve  may  indicate  that  fluctuations  are  important.  Experimental  evidence 
also  points  in  this  direction.  The  narrow  coexistence  curves  observed  experimentally  in 
the  confined  vapor-liquid  [1]  and  binary  liquid  [2]  systems  lie  well  inside  the  critical  region 
of  the  corresponding  pure  systems.  Thus,  mean  field  theory  provides  a  poor  approximation 
to  the  equation  of  state  of  the  pure  system  in  the  temperature  regime  of  the  experiments. 

Widom  scaling  represents  the  simplest  way  to  include  fluctuation  effects;  it  is  a  phe¬ 
nomenological  generalization  of  mean  field  theory  that  incorporates  the  effects  of  fluctua¬ 
tions  on  the  equation  of  state  by  using  renormalized  exponent  values  [9].  The  approach  has 
been  useful  to  several  other  problems  involving  inhomogeneous  composition  profiles,  such 
as  the  vapor-liquid  interface  near  the  critical  point  [10]  and  the  critical  adsorption  profile 
near  a  planar  surface[ll].  According  to  Widom  scaling,  one  simply  replaces  the  bulk  free 
energy  in  Eq.  3  with  the  more  general  form 

fB{m)=^-t\m\^-{--u\m\^,  (4) 

X  y 

where  y  >  x  and  x  >  2.  The  resulting  critical  exponents  can  be  expressed  in  terms  of  x 
and  y:  for  example,  the  coexistence  curve  exponent  is  =  l/(j/  —  x),  and  the  correlation 
length  exponent  is  z/  =  |(t/  -  2)/{y  -  x)  [12].  The  choice  x  =  3,  y  =  6  yields  the  exponent 
values  =  1/3,  =  2/3,  which  are  are  close  to  the  three-dimensional  Ising  estimates; 

/?  fa  0.33,  V  fa  0.63. 

The  results  of  using  Eq.  4  with  x  =  3  and  y  =  6  on  our  periodic  model  are 
strikingly  different  from  the  mean-field  results.  The  phase  diagrams  in  the  temperature- 
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magnetization  plane  and  field-temperature  plane  are  shown  in  Fig.  2.  There  are  now  two 
critical  points  crowning  two  narrower  coexistence  curves  (a  ’’double  hump”).  Below  a  triple 
point,  marked  in  Fig.  2,  we  recover  the  usual  wide  two-phase  coexistence  region.  The 
triple  point  in  the  t  —  rh  diagram  corresponds  to  the  point  at  which  two  arms  branch  off  in 
the  H  —  t  diagram,  the  left-hand  hump  in  the  t  —  fh  plane  corresponds  to  the  lower  arm  and 
the  right-hand  hump  corresponds  to  the  upper  arm  in  the  H  —  t  diagram.  We  note  that, 
although  each  phase  may  be  represented  in  terms  of  a  single  average  magnetization  m  as 
in  Fig.  2,  the  phases  are  actually  inhomogeneous,  with  high  positive  magnetization  near 
the  strands  and  lower  magnetization  between  strands.  Last,  if  the  field  H\  is  decreased 
below  a  critical  value  ific,  the  double  hump  disappears,  leaving  a  single  narrow  hump  with 
a  shoulder.  When  is  decreased  further  the  shoulder  disappears,  and  the  single  coex¬ 
istence  curve  widens  and  moves  upwards  to  approach  the  bulk  coexistence  curve.  Since 
the  double-hump  only  exists  if  ifi  is  sufficiently  strong,  it  can  be  viewed  as  a  result  of  the 
strong  surface  interaction  and  the  high  surface- area/ volume  ratio  in  the  periodic  porous 
medium. 

The  physical  origin  of  the  double-hump  behavior  lies  in  the  balance  of  effects  that 
determine  the  shapes  of  the  profiles.  As  stated  above,  an  equilibrium  profile  is  produced 
by  a  competition  between  the  surface  field  ifi,  bulk  field  if,  and  terms  contributing  to 
the  interfacial  energy.  Increasing  the  exponent  u  decreases  the  cost  to  form  interfaces  and 
thus  alters  the  balance  between  these  three  effects. 

Our  prediction  in  Fig.  2  may  be  consistent  with  experimental  results,  which  are 
limited  to  a  small  region  near  the  critical  point.  The  experimental  data  may  represent  the 
top  of  the  left  hump,  and  the  right  hump  may  exist  only  at  temperatures  below  the  range 
of  the  existing  data.  This  possibility  remains  to  be  tested  by  experiments.  Note  that  the 
width  of  the  left-hand  coexistence  region  is  still  only  roughly  a  factor  of  3  times  smaller 
than  the  bulk  coexistence  curve,  as  compared  to  the  experimentally  observed  factor  of  15. 
Part  of  the  remaining  discrepancy  may  be  due  to  the  fractal  nature  of  the  gel,  or  the  form 
of  the  surface  interaction,  which  here  we  have  crudely  modeled  as  a  contact  interaction. 

SUMMARY 

In  summary,  we  have  shown  that  an  Ising  system  confined  in  a  dilute  array  of  cylindri¬ 
cal  strands  shows  unexpectedly  rich  phase  behavior  that  may  be  consistent  with  puzzling 
experimental  results.  In  particular,  we  find  a  phase  diagram  with  two  narrow  coexistence 
curves,  with  two  critical  points,  or  a  narrow  coexistence  region  with  a  shoulder.  Although 
experiments  have  observed  that  the  coexistence  region  is  extremely  narrow  near  the  critical 
point,  our  results  imply  that  the  coexistence  region  should  widen  at  lower  temperatures,  be¬ 
low  the  range  of  existing  data.  The  unusual  behavior  that  we  have  predicted  is  markedly 
different  from  the  phase  behavior  of  the  pure,  unconfined  system,  and  results  from  the 
strong  surface  interaction  and  the  high  surface-area/ volume  ratio  of  the  porous  medium. 
Both  surface  and  bulk  effects  contribute  to  the  phase  behavior.  The  importance  of  both 
surface  and  bulk  effects  is  characteristic  of  true  mesoscopic  systems  such  as  near-critical 
fluids  confined  between  two  plates  or  in  cylindrical  pores.  In  such  systems,  however,  the 
correlation  length  for  composition  fluctuations  in  the  fluid  is  limited  by  the  plate  spacing 
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Fig.  1  The  mean-field  coexistence  curve  of  the  periodic  model  (dashed)  for  a  4%-volume- 
fraction  gel  with  HifksT  =  2,  gJksT  =  —1  and  u  —  1.  The  coexistence  curve  of  the  pure 
system  (solid)  is  shown  for  comparison. 
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Fig.  2  The  coexistence  curve  (dashed)  of  the  periodic  model  calculated  using  Widom 
scaling  under  the  same  conditions  as  in  Fig.  1.  There  are  two  critical  points  and  a  triple 
point  at  a  reduced  temperature  tt.  The  coexistence  curve  of  the  pure  system  (solid),  also 
calculated  using  Widom  scaling,  is  shown  for  comparison.  Inset:  The  corresponding  phase 
diagram  in  the  H  —  t  plane  showing  the  forked  coexistence  line  (dashed);  the  coexistence 
line  of  the  pure  system  at  F  —  0,  i  >  0  (solid)  is  shown  for  comparison. 
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or  pore  size.  In  the  case  of  a  dilute  porous  medium,  the  fluid  occupies  nearly  all  of  the 
sample  volume,  so  there  are  no  complicating  finite-size  effects.  Thus,  a  near-critical  fluid 
in  a  dilute  porous  gel  is  an  illuminating  example  of  a  macroscopic,  fully  three-dimensional 
system  that  displays  mesoscopic  behavior.  Support  of  the  Petroleum  Research  Fund  and 
Exxon  Education  Fund  is  gratefully  acknowledged. 
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ABSTRACT 

We  have  studied  the  dynamics  of  contact  lines  formed  by  water-alkane  interfaces  in 
capillaries  with  random  surface  disorder.  We  find  that  the  contact-line  velocity  V  scales 
with  the  applied  capillary  pressure  P  as  U  (P  -  P.Y  over  two  decades  in  V.  This 
is  consistent  with  a  critical  depinning  transition.  We  obtain  this  result  by  using  a  sen¬ 
sitive  ac  differential-pressure  measurement  technique  to  measure  dPIdV.  We  find  that 
dP/dV  oc  implying  that  1/C  =  0.20(5). 


INTRODUCTION 

The  scaling  properties  of  interfaces  driven  through  disordered  media  have  received  con¬ 
siderable  attention  in  recent  years  [1].  In  the  presence  of  quenched  disorder,  the  depinning 
of  an  interface  is  described  as  a  non-equilibrium  critical  transition  similar  to  that  seen  at 
the  onset  of  charge  density  wave  conduction  [2].  The  dynamics  of  an  interface  between  two 
immiscible  fluids  in  a  porous  medium  is  regarded  as  belonging  to  this  class  of  random-field 
problems  [3].  However,  interface  motion  in  this  system  is  complicated  by  the  existence  of 
disorder  on  two  length  scales:  variation  in  pore  size  as  well  as  smaller  scale  defects  on  the 
pore  walls.  To  mimic  a  liquid-liquid  interface  in  an  individual  pore,  we  have  studied  the 
dynamics  in  a  single  capillary,  and  hence  have  separated  the  effects  of  the  two  types  of 
disorder  mentioned  above. 

Chemical  heterogeneities  or  roughness  on  the  capillary  walls  affect  the  motion  of  the 
contact  line  where  the  fluid-fluid  interface  meets  the  wall.  For  weak  applied  pressures  P, 
disorder  pins  the  interface  into  one  of  many  metastable  positions  by  pinning  the  contact 
line.  The  depinning  of  this  line,  at  a  threshold  applied  pressure  P<,  is  believed  to  be  a 
critical  transition  and  the  subsequent  nonlinear  transport  is  expected  to  scale  as  a  power 
law  V  <x  {P  —  Pt)^  [4,5].  There  have  been  several  predictions  for  the  velocity  exponent  ( 
[5-7]  but  few  experiments  have  attempted  to  measure  it.  We  have  measured  C  by  using  a 
sensitive  ac  pressure  measurement  technique  to  study  the  low-frequency  behavior  of  water- 
alkane  interfaces  in  capillaries  with  random  surface  disorder. 

EXPERIMENT 

At  low  velocities,  the  capillary  pressure  P  across  the  interface  is  related  to  the  dynamic 
contact  angle  9  between  the  fluid-fluid  interface  and  the  surface  by  P  =  {2jcos9)/R 
where  R  is  the  tube  radius  and  7  the  interfacial  tension.  We  have  measured  the  velocity 
dependence  of  9  for  water- hexadecane  and  water-decane  interfaces  in  Pyrex  capillaries. 
These  fluid  interfaces  showed  substantial  contact  angle  hysteresis  (i.e.  remain  pinned  over 
a  range  of  contact  angles  or  pressures)  due  to  disorder  on  the  tube  walls  [8].  We  use  an 
ac  technique  to  measure  the  derivative  d  cos  9 jdV  by  superimposing  an  oscillatory  velocity 
V{<uo)  upon  the  mean  interface  velocity  V  [8,9]. 

A  constant  mean  velocity  V  is  set  by  the  adjustable  height  difference  between  water 
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and  alkane  reservoirs,  and  by  the  high  hydrodynamic  impedance  of  a  narrower  capillary  (R 
=  0.1  mm)  in  series  with  the  sample  capillary(R  =  0.5  mm).  An  ac  velocity  R(u;)  is  imposed 
upon  the  flow  by  a  speaker  coupled  to  the  fluids  by  a  membrane.  Two  pressure  sensors 
placed  at  the  ends  of  the  sample  tube  are  used  to  measure  the  pressure  across  the  interface. 
1/(0;)  is  obtained  from  the  viscous  pressure  drop  across  a  third  tube  in  series  with  the 
others.  V{o:)  and  the  ac  interface  response  P{ijo)  are  extracted  by  digital  lock-in  methods 
[10].  At  low  frequencies  and  for  small  V(cu),  P[uj)IV{uj)  =  dPIdV.  The  large  dielectric 
contrast  between  water  and  the  alkanes  {^water ! ^alkane  ~  16)  is  employed  to  monitor  the  dc 
interface  velocity  V  by  measurement  of  the  capacitance  of  a  pair  of  semicylindrical  copper 
plates  placed  along  the  length  of  the  sample  capillary.  The  capacitance  measurement  is 
also  used  to  monitor  the  interface  position  to  ensure  that  d  cos  9/ dV  is  measured  over  the 
same  section  of  the  tube  at  each  V  to  minimize  possible  systematic  effects  due  to  variations 
in  heterogeneity,  viscosity,  and  tube  diameter. 

The  interface  responds  to  the  ac  velocity  by  bowing  as  well  as  sliding.  When  the  mea¬ 
surement  frequency  co  is  less  than  a  characteristic  frequency  the  sliding  mode  dominates. 
In  this  limit  P{uj)  is  primarily  in  phase  with  V{ij)  and  accurately  reflects  dP/dV  [9].  The 
value  of  ojc  is  found  to  decrease  with  decreasing  velocity  and  hence,  to  remain  in  the  regime 
of  interest,  a;  must  be  lowered  as  V  is  decreased.  With  the  use  of  digital  lock-in  techniques, 
we  have  extended  the  frequency  range  down  to  0.025  Hz,  consequently  extending  the  range 
of  V  two  orders  of  magnitude  deeper  into  the  critical  regime  than  was  previously  possible 
with  this  technique  [9]. 

RESULTS 

We  have  measured  the  response  of  water- hexadecane  (7  =  32.6  dyn/cm)  and  water- 
decane  (7  =  41  dyn/cm)  interfaces.  The  mean  velocity  V  spanned  the  range  2  X  10"^  cm/s 
<  U  <  2.3  X  10"^  cm/s.  The  dimensionless  capillary  number  Ca  =  p,V/'y  where  ji  is  the 
mean  viscosity  of  the  two  fluids,  ranged  from  5  X  10“*^  <  Ca  <  1.5  x  10““*.  The  in-phase 
response  contains  a  contribution  from  the  viscous  pressure  Pyisd^)  =  ^p-V(uj)Ll B? .  The 
mean  Pvtsc(<^)  is  determined  by  averaging  the  response  with  the  interface  moved  outside 
either  end  of  the  sample  tube.  This  has  been  subtracted  from  the  data  shown  in  the 
flgures.  This  background  is  2.4  x  10^  and  4.8  x  10^  for  water-decane  and  water-hexadecane, 
respectively,  in  units  of  d cos  0  jdC a. 

Figure  1  shows  the  in-phase  pressure  response,  expressed  as  the  dimensionless  deriva¬ 
tive  d cos  9  jdC a,  measured  at  fixed  y(a;)  and  at  frequencies  ranging  from  1  Hz  to  0.05  Hz. 
Note  the  rollover  in  the  in-phase  response  at  low  velocities.  A  corresponding  increase  is 
observed  in  the  out-of-phase  response  (shown  for  0.05  Hz).  As  u  decreases,  this  rollover 
moves  to  lower  velocities.  The  characteristic  frequency  u;,,  for  the  rollover  was  previously 
predicted  to  be  given  by 

7  sin  0(1 -I- sin  ^)^ 

Jr  (dcos9ldCa)~o 

which  is  related  to  the  time  required  for  the  curvature  of  the  interface  to  adapt  to  changes  in 
the  contact  angle  [9,11,12].  This  would  imply  that  the  data  at,  for  example,  Ca  =  1  X  10"® 
in  Fig.  1  should  be  in  phase  with  U(tu)  for  frequencies  less  than  1  Hz.  However,  our  data  at 
this  Ca  show  that  d  cos  9  jdC a  is  depressed  considerably  at  0.5  Hz  and  hence,  are  consistent 
with  a  much  lower  cUc.  One  possibility  is  that  that  the  relevant  characteristic  frequency 
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is  ajc/27r  =  Ca  7/^/?  which  is  associated  with  the  time  required  for  the  interface  to  move 
a  distance  R.  Previous  experiments  have  observed  that  this  is  the  time  required  for  the 
interface  to  attain  the  appropriate  dynamic  contact  angle  0  for  the  instantaneous  velocity 
[13].  The  latter  frequency  is  0.08  Hz  at  Ca  =  1  x  10”®  for  the  data  shown  in  Fig.  1. 


FIG.  1.  Frequency  dependence  of  the  in-phase  response  (open  symbols)  of  a  water-decane 
interface  with  fiVadl  =  2.5  x  10”®.  The  out-of-phase  response  at  0.05  Hz  is  also  indicated  (closed 
symbols).  The  straight  line  shows  the  power  law  fit  for  water-decane  from  Fig.  2. 

The  derivative  dcosOldV  is  directly  proportional  to  P{uj)IV(uj)  only  in  the  limit  of 
small  V{ijj)lV.  This  is  because  higher  order  terms  in  V(w)  in  the  expansion  for  P(uj)  begin 
to  become  significant  and  the  response  becomes  non-linear.  This  rise  affects  the  data  at 
low  Ca  in  Fig.  1  and  is  most  apparent  at  the  lowest  frequencies.  We  found  d  cos  BfdC a 
became  independent  of  V(uj)  as  V"(a;)  decreased  below  V"/2. 

In  the  limit  of  sufficiently  low  u  and  for  <  V/3,  the  in-phase  response  was  found 
to  obey  a  power  law  dcosOjdCa  —  B  {Ca)^.  Fig.  2  shows  dcosOjdCa  for  water-decane 
and  water-hexadecane  interfaces.  Fits  for  water  advancing  (solid  lines)  give  B  =  0.7(2) 
and  X  =  -0.81(5)  for  water-decane,  and  B  =  1.1(3)  and  x  =  -0.77(5)  for  water-hexadecane. 
Consistent  data  were  obtained  with  several  Pyrex  tubes  of  similar  diameter,  with  the  re¬ 
versal  of  flow  direction(diamonds),  and  also  for  a  chemically  etched  tube  with  increased 
surface  roughness  (circles).  The  etched  tube  exhibits  greater  contact  angle  hysteresis  than 
the  unetched  tube  [8],  but  fits  to  the  data  in  Fig.  2  resulted  in  a  nearly  identical  value  of 
X  for  water-hexadecane  :  x  =  -0.81(5)  and  B  =  1.6(3). 
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FIG.  2.  Values  of  d  cos  9 / dC a  obtained  from  the  averaged  in-phase  response  in  the  low  Vac  and 
low  frequency  limits.  Data  for  water-decane  in  unetched  tubes  with  water  advancing  (squares)  and 
receding  (diamonds)  are  divided  by  3  to  prevent  overlap  with  data  for  water  displacing  hexadecane 
in  unetched  (triangles)  and  etched  (circles)  tubes.  The  straight  lines  are  fits  to  the  data  shown 
by  squares  and  triangles  and  have  slope  -0.81  and  -0.77,  respectively.  Error  bars  are  shown  when 
uncertainties  are  larger  than  the  symbol  size. 

CONCLUSIONS 

Our  value  of  x  implies  1/C  =  1  +  a;  =  0.20(5).  This  is  smaller  than  the  values  of  1/C 
found  in  experiments  using  liquid  mixtures  [9,14],  and  is  consistent  with  experiments  on 
other  pure-fluid  systems  [15].  One  possibility  is  that  concentration  gradients  at  the  contact 
line  in  mixtures  may  affect  the  critical  dynamics. 

Our  result  clearly  disagrees  with  the  prediction  1/C  =  9/7  from  the  functional  RG 
calculations  of  Erta§  and  Kardar  [5].  Our  exponent  does,  however,  fall  in  the  broad  range 
i.e.  0  <  1/C  0-'5  predicted  by  the  capillary-wave  dissipation  mechanism  of  Zhou  and 

.Sheng  [11].  Our  velocity  exponent  is  also  much  smaller  than  the  predictions  of  1/C  =  2/3 
(for  smooth  defects)  by  .Joanny  and  Robbins  [6]  and  also  by  Raphael  and  DeGennes  [7]. 
However  both  predictions  are  for  the  case  of  somewhat  idealized  defects:  periodic  hetero¬ 
geneities  in  the  former  case  and  single  non-interacting  defects  in  the  latter  analysis.  These 
limiting  cases  can  be  experimentally  tested  with  artificially  structured  defects. 

ACKNOWLEDGEMENTS 

This  work  was  supported  by  the  NSF  under  grants  DMR-9357518  and  DMR-91 10004, 
and  by  the  Exxon  Education  Foundation.  D.H.R.  acknowledges  support  from  the  David 
and  Lucille  Packard  Foundation. 


24 


REFERENCES 

1.  0.  Narayan  and  D.  S.  Fisher,  Phys.  Rev  B  48,  7030  (1993);  T.  Natterman,  S.  Stepanow, 
L.  H.  Tang,  and  H.  Leschhorn,  J,  Phys.  II  2,  1483  (1992);  L.  A.  N.  Amaral,  A.  L. 
Barabasi,  H.  A.  Makse,  and  H.  E.  Stanley,  Phys.  Rev  E  52,  4087  (1995). 

2.  D.  S.  Fisher,  Phys.  Rev  B  31,  1396  (1985). 

3.  N.  Martys,  M.  Cieplak,  and  M.  0.  Robbins,  Phys.  Rev.  Lett.  66,  1058  (1991);  Phys. 
Rev.  B  44,  12294  (1991). 

4.  M.  0.  Robbins  and  J.F.  Joanny,  Europhys.  Lett.  3,  729  (1987). 

5.  D.  Erta§  and  M.  Kardar,  Phys.  Rev.  E  49,  R2532  (1994). 

6.  J.  F.  Joanny  and  M.  0.  Robbins,  J.  Chem.  Phys.  92,  3206  (1990). 

7.  E.  Raphael  and  P.  G.  DeGennes,  J.  Chem.  Phys.  90,  7577  (1989). 

8.  S.  Kumar,  D.  H.  Reich,  and  M.  0.  Robbins,  Phys.  Rev.  E  (Rap.  Comm.)  52  (1995). 

9.  J.  P.  Stokes,  M.  J.  Higgins,  A.  P.  Kushnick,  S.  Bhattacharya,  and  M.O.  Robbins,  Phys. 
Rev.  Lett.  65,  1885  (1990). 

10.  P.  K.  Dixon  and  L.  Wu,  Rev.  Sci.  Instrum.  60,  3329  (1989). 

11.  P.  Sheng  and  M.  Zhou,  Phys.  Rev.  A  45,  5694  (1992). 

12.  E.  Charlaix  and  H.  Gayvallet,  J.  Phys.  II  2,  2025  (1992). 

13.  M.  Fermigier  and  P.  Jennfer,  J.  Coll.  Int.  Sci.  146,  226  (1991). 

14.  T.  A.  Mumley,  C.  J.  Radke,  and  M.  C.  Williams,  J.  Coll.  Int.  Sci.  109,  413  (1986). 

15.  A.  Calvo,  I.  Paterson,  R.  Chertkoff,  M.  Rosen,  and  J.  P.  Hulin,  J.  Coll.  Int  .Sci.  141, 

384  (1991). 


25 


PINNING  OF  WATER  IMBIBITION  FRONT 
IN  POROUS  MEDIA 

PO-ZEN  WONG*,  THOMAS  DELKER^  MORGAN  HOTT  AND  DAVID  B.  PENGRA 
Department  of  Physics  and  Astronomy,  University  of  Massachusetts,  Amherst,  MA  01003 


ABSTRACT 

We  report  a  study  of  the  dynamics  of  capillary  rise  of  water  in  a  column  of  glass  beads. 
The  water  column  height  h  is  measured  as  a  function  of  time  t.  Analyzing  the  late-time  data 
in  terms  of  critical  pinning,  dh/dt  oc  {P  -  P^Y ,  we  find  an  anomalously  large  exponent  (3.  A 
similar  measurement  for  contact  line  pinning  in  capillary  tubes  indicates  /?  <  1.  We  discuss 
these  findings  in  light  of  recent  theories  for  domain  wall  pinning  in  the  random-field  Ising 
model  and  suggest  a  new  equation  of  motion  which  corresponds  to  the  Wolf-Villain  model 
with  quenched  noise. 


INTRODUCTION 


Pinning  phenomena  occur  in  a  variety  of  physical  systems.  Koplik  and  Levine  [1]  sug¬ 
gested  in  1985  that  the  dynamics  of  fluid  interfaces  [2]  in  random  porous  media  is  analogous 
to  that  of  domain  walls  in  random- field  magnets  [3].  Assuming  that  the  fluid  interface  is 
described  by  a  single-valued  function  .a:  =  where  x  is  a  (d  -  l)-component  transverse 

vector,  they  argued  that  the  appropriate  equation  of  motion  is 

=  F  +  VV  +  V'(x,/)  ,  (1) 

at 


where  P  is  a  uniform  driving  force,  V^/  is  an  effective  surface  tension  that  minimizes  the 
surface  area,  and  Y  represents  quenched  random  capillary  forces  acting  on  the  interface. 
They  noted  that  the  same  equation  was  used  by  Bruinsma  and  Aeppli  [4]  to  study  domain 
wall  dynamics  in  the  random-field  Ising  model  (RFIM).  The  underlying  connection  is  that 
Eq.  (1)  is  the  time-dependent  Ginzburg-Landau  equation 


dt  6f 

for  the  RFIM  interface  free  energy  derived  by  Grinstein  and  Ma  [5] 


(2) 


F(/)  =  j  d!‘-'x 


hv/f-  f'dzY{K.z) 

Z  Joo 


(3) 


For  small  values  of  Y,  Koplik  and  Levine  find  that  the  interface  translates  smoothly  in 
response  to  the  applied  force,  but  for  large  values  of  V,  it  can  be  pinned  in  rough  configura¬ 
tions. 

The  critical  behavior  of  the  depinning  transition  in  RFIM  has  recently  been  analyzed  by 
Nattermann  et  al  [6],  and  independently  by  Narayan  and  Fisher  [7].  The  same  results  were 
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obtained.  The  physical  picture  is  that  the  interface  fluctuation  is  correlated  over  a  distance 
^  along  the  interface  which  diverges  as 

at  a  critical  force  Pc.  The  interface  width  w  obeys  self- affine  scaling 

t/;  oc  r  oc  (P  -  PcY"'""  (5) 

with  a  =  2  — l/i/  =  e/3,  where  e  ==  (5-d).  The  advance  of  the  interface  occurs  via  avalanches 
of  different  sizes.  The  waiting  time  r  for  an  avalanche  of  size  ^  exhibits  dynamic  scaling 

Tocf  oc(P-Pc)-"^  (6) 

Consequently,  the  interface  velocity  is  given  by 

vocw/roc  T'"  oc  (P  -  Pc)""("-^)  =  (P-  PcY  (7) 

where  (3  =  {z  —  a)v  ^  1  —  Thus  there  are  only  two  independent  scaling  exponents, 

1/  and  or  equivalently  ex.  and  jS.  For  two  dimensions,  the  theoretical  predictions  are  o;  =  1 
and  ~  2/3,  and  for  three  dimensions,  a —  2f'3  and/?«7/9. 

Experimentally,  the  exponent  a  can  be  determined  by  analyzing  the  interface  roughness 
according  to  Eq.  (5)  and  (3  may  be  determined  by  measuring  the  velocity  v  of  the  interface  in 
response  to  the  applied  force  P.  In  a  previous  2D  experiment  [8,  9],  He,  Kahanda  and  Wong 
(HKW)  studied  the  roughness  of  water  invasion  fronts  in  air-filled  porous  media.  They  find 
that  the  effective  value  of  a  increases  towards  unity  as  the  flow  rate  is  decreased  and,  at  the 
lowest  flow  rates,  overhangs  begins  to  develop.  This  result  suggests  that  cx  1  in  the  limit 
of  t;  ^  0,  in  agreement  with  the  prediction  of  the  RFIM.  Unfortunately,  the  mechanical 
syringe  pump  used  in  that  experiment  exhibits  stick-slip  behavior  of  its  own  as  the  velocity 
was  further  decreased  and  (3  could  not  be  determined.  An  earlier  experiment  by  Stokes  ei  dl. 
[10]  also  suggested  that  the  critical  behavior  is  observable  for  v  <  100  /im/s,  but  the  data 
were  too  noisy  for  determining  p.  Here  we  report  a  capillary  rise  experiment  in  3D  which 
does  not  employ  any  mechanical  driving  device.  The  interface  is  allowed  to  slow  down  on  its 
own  to  approach  the  critical  point,  i.e.,  in  a  self-organized  manner.  We  were  able  to  observe 
the  interface  movement  over  a  speed  range  of  0.1—1000  fim/s  and  estimate  the  value  of  p. 

EXPERIMENTAL  DESIGN 

We  used  an  8  mm  inner  diameter  glass  tube  filled  with  glass  beads  as  our  sample.  It 
stands  vertically  in  a  base  container  filled  with  water.  A  length  Ho  (~  4  cm)  of  the  tube 
is  immersed  in  the  water.  A  Nylon  filter  membrane  is  glued  to  the  bottom  of  the  tube  to 
hold  the  beads  while  letting  the  water  through.  The  natural  capillary  pressure  due  to  the 
air-water  surface  tension  draws  the  water  up  the  tube,  a  process  known  as  capillary  rise.  A 
video  camera  records  the  water  column  height  h  versus  time  t,  where  h  is  measured  from 
the  water  level  of  the  base  reservoir.  The  video  images  are  digitized  at  set  time  intervals 
to  locate  the  interface  position.  The  rms  width  w  of  the  interface  can  also  be  computed. 
Four  different  bead  sizes  are  used.  The  average  diameter  Db  ranges  from  180  to  510  fim 
(±15%).  Each  capillary  rise  experiment  runs  for  about  24  hours.  To  prevent  water  loss  due 
to  evaporation,  a  small  water-containing  cap  is  placed  at  the  top  of  the  tube  to  provide  100% 
humidity.  This  cap  has  a  1/16-inch  escape  hole  so  that  the  total  pressure  is  the  same  as  the 
ambient.  Additional  details  of  the  experiment  are  described  elsewhere  [llj. 
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Figure  1:  Effect  of  different  values  of  (3  on  the  approach  of  h  to  H^q  through  Eq.  (9). 


For  bead  diameter  we  expect  the  water  column  to  rise  to  an  equilibrium  height 
Heq  cx  '^/Dhpg  where  7  is  the  air- water  surface  tension,  p  is  the  water  density  and  g  is  the 
gravitational  acceleration.  With  pinning,  the  interface  should  stop  at  a  height  He  <  Heq. 
Thus  the  average  upward  driving  pressure  on  the  interface  at  any  height  his  P  =  pg{Heq  —  h) 
and  the  threshold  pinning  pressure  is  Pc  —  pg{Heq  —  He).  Eq.  (7)  leads  us  to  write 


dh  f  He- h  \ 

dt  ~ [h^  -  hJ 


(8) 


Integrating  from  initial  time  ti  and  height  hi  yields  different  results  depending  on  the  value 
of  j3.  For  /3  ^  I,  the  result  is 


where  A  =  {p  -  l)vo(Hc  -  hi)^~^/{Heq  -  If  /?  <  1,  we  have  A  <  0,  and  h  reaches  He 

after  a  finite  time  given  by  To  —  t  —  ti  ~  —\fA.  If  ^  >  1,  h  approaches  He  algebraically  as 
t  00.  For  /3  =  1 ,  the  integral  of  Eq.  (8)  gives, 


=  ,  (10) 

with  Ti  =  {Heq  -  He)  I  Vo-  Fig.  1  illustrates  how  the  value  of  /?  affects  the  manner  in  which 
h  approaches  He-  We  note  that  for  P  <  1,  h  stops  at  He  abruptly.  For  P'^  the  interface 
is  slowed  down  severely  far  below  He  and  cannot  reach  it  after  a  long  time.  As  we  shall  see, 
the  latter  behavior  is  qualitatively  consistent  with  what  we  observed. 

For  the  early  stage  of  the  capillary  rise,  the  resistance  to  flow  comes  from  the  fluid 
viscosity  and  the  behavior  is  expected  to  obey  the  classical  Washburn  equation  [12].  We 
refer  the  readers  to  Ref.  [11]  for  a  detailed  discussion. 
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Figure  2:  Height  vs.  time  for  capillary  rise  in  glass  bead  columns,  (a)  Smaller  bead  diameters 
have  higher  rises  and  longer  rise-times,  (b)  Log-log  plot  shows  that  rise  continues,  even  after 
24hrs. 

RESULTS 

Figure  2a  shows  the  height  h  versus  time  t  data  for  different  bead  sizes  on  a  linear  scale. 

As  expected,  the  water  column  is  higher  for  smaller  beads.  What  is  surprising  is  that  when 
the  data  are  plotted  on  a  log-log  scale  in  Fig.  2b,  we  observe  that  the  interface  is  creeping 
upward  even  after  24  hours  which,  according  to  Fig.  1,  strongly  suggests  P  ^  1.  Each  of  the 
four  data  sets  in  Fig.  2b  exhibits  a  shoulder  which  occurs  at  later  times  for  smaller  beads. 
This  is  the  expected  behavior  based  on  the  Washburn  equation:  there  is  a  characteristic  rise 
time  given  by  =  Z^r\lpgk,  where  =  Eo-^  /Leg,  rj  is  the  water  viscosity  and  k  is 
the  permeability  of  the  porous  medium.  For  bead  packs,  we  have  k  ^  D^/700  [9].  Hence  we 
have  oc  l/Df  nominally.  Pinning  behavior  should  be  analyzed  at  late  times  when  t  r^j. 

Figure  3a  illustrates  a  fit  of  the  late-time  data  to  Eq.  (8).  It  covers  a  time  scale  from  15 
minutes  to  24  hours  {about  10^  to  10^  s).  The  value  of  /?  obtained  from  the  fit  is  3.4  ±  0.2. 
Fitting  the  data  from  different  runs,  with  different  bead  sizes,  and  over  different  time  scales 
results  in  an  overall  estimate  /5  =  6.5  ±  3.5,  which  is  much  larger  than  the  prediction  of 
/?  =  7/9  based  on  the  analyses  of  Eq.  (1).  It  is  also  interesting  to  note  that  the  values  of  He 
obtained  from  the  fits  are  always  well  above  the  experimental  range  of  h.  For  example,  h  in 
Fig.  3a  reaches  only  7  cm  and  He  is  8.4  cm.  This  is  the  consequence  of  the  large  /?  value,  as 
illustrated  in  Fig.  1. 

To  contrast  with  the  results  we  obtained  for  the  bead  pack,  we  carried  out  the  same 
measurement  for  water  rise  and  fall  in  glass  capillary  tubes  [11,  13].  This,  presumably,  is  an 
example  of  contact  line  pinning  in  2D  [14].  Fig.  3b  shows  a  typical  example  of  the  result. 
Both  the  rise  and  fall  data  show  abrupt  pinning  at  finite  time,  indicative  of  the  P  <  1 
behavior.  The  data  before  the  pinning  were  found  to  fit  the  classical  Washburn  behavior 
extremely  well.  It  appears  that  when  the  velocity  is  low  enough,  pinning  sets  in  quickly 
and  the  critical  region  is  extremely  narrow.  As  a  result,  it  was  not  possible  to  carry  out  a 
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Figure  3:  Comparison  of  pinning  dynamics  of  (a)  glass  beads  and  (b)  straight  capillaries. 
See  text  for  discussion. 

least-squares  fit  to  estimate  the  actual  value  of  j3.  Nevertheless,  the  qualitative  difference 
between  Figs.  3a  and  3b  provides  a  striking  contrast  of  pinning  behavior  in  two  and  three 
dimensions. 

DISCUSSION 

That  the  value  of  P  observed  in  our  3D  experiment  is  much  larger  than  the  RFIM 
prediction  of  ~  7/9  may  be  surprising  at  first  glance,  but  it  is  quite  understandable.  We 
note  that  the  volume  of  fluid  is  a  conserved  quantity  and  the  magnetization  in  the  RFIM  is 
not.  As  a  result,  while  a  large  cluster  of  spins  can  flip  all  at  once  to  cause  an  avalanche  of 
the  domain  wall,  this  cannot  happen  to  the  fluid  interface:  a  volume  of  fluid  must  flow  from 
elsewhere  to  cause  the  interface  to  advance  and  this  will  naturally  slow  down  the  dynamics. 
The  flow  of  fluid  away  from  the  interface  is  governed  by  a  Laplacian  pressure  field  and  the 
importance  of  which  was  emphasized  in  HKW’s  study  of  2D  flow  [8].  To  include  the  effect 
of  fluid  conservation  explicitly,  one  might  consider  an  equation  of  motion  of  the  form 

§f  =  P<.-V.J  (11) 

at 

where  the  P^-term  represents  a  uniform  applied  pressure  that  feeds  fluid  into  the  system  the 
V  •  J-term  represents  the  conserved  current  fluctuations  about  the  average  flow.  In  general, 
we  expect  J  oc  —  VP  where  P  is  the  pressure  field  in  the  fluid.  At  small  enough  velocity, 
the  viscous  pressure  drop  in  fluid  is  negligible,  only  the  effects  of  gravity  and  surface  tension 
need  to  be  considered.  The  gravitational  pressure  is  pgf.  The  capillary  pressure  due  to  the 
surface  tension  has  the  form  where  the  first  term  represents  curvature 

effect  at  the  macroscopic  scale  and  the  noise  term  represents  the  effect  at  the  single  pore 
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(12) 


level.  Combining  these  mechanisms,  the  full  equation  of  motion  becomes 

%  =  Pa-  +  v'y  (x,  /)  +  ravV  • 

at 

The  noise  statitistics  should  satisfy  (y)  =  0  and  (y (k.,z)Y[-x! ,z'))  =  A(5(x~x')(5(2  -  z').  At 
short  length  scales,  we  expect  the  term  to  dominate  over  the  V^/  terrn,  and  the  reverse 
at  long  length  scales.  The  crossover  should  occur  at  a  length  scale  L  ^  ^jl/pg  ~  0-27  cm, 
which  is  about  the  radius  of  our  sample  tube.  Thus  the  dynamics  in  our  system  may  be 
controlled  by  the  term  and  the  conserved  quenched  noise  We  note  that  Wolf  and 

Villain  [15]  have  studied  an  equation  with  the  term  and  thermal  noise.  They  found  a 
larger  value  of  2:,  i.e.,  slower  dynamics.  An  interesting  question  is  how  a  quenched  noise 
of  the  form  y(x,/)  or  V^y(x,/)  would  affect  that  result.  An  intuitive  guess  is  that  the 
conserved  noise  would  further  slow  down  the  dynamics  because,  in  other  studies  of  critical 
dynamics,  systems  with  conserved  order-parameters  always  exhibit  slower  fluctuations  and 
have  larger  values  of  z  [16].  We  hope  that  the  results  reported  here  will  stimulate  studies  of 
similar  effects  in  interface  growth  models. 
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ABSTRACT 

The  fractal  structure  of  Si02  -  ZrOa  nnixed  aerogel  prepared  for  catalytic  purpose  is 
investigated  using  morphological  statistical  methods,  smdl  angle  X-ray  scattering  and  N2 
adsorption-desorption  measurements.  These  three  methods  provide  a  description  of  the  aero¬ 
gel  structure  over  several  decades. 

INTRODUCTION 

Aerogels  are  highly  porous  materials  produced  using  the  sol-gel  route  followed  by  hy¬ 
percritical  drying.  They  exhibit  a  hierarchic  network  structure  of  atoms,  particles,  cluster  of 
particles  and  clusters  of  clusters.  Small-angle  X-ray  scattering  (SAXS)  has  been  widely  used 
to  characterise  the  structure  of  this  kind  of  systems  [1].  This  non-destructive  technique  is  the 
most  reliable  method  to  probe  the  structure  from  the  particle  scale  (0.5nm)  to  the  cluster 
scale  (200nm).  In  that  way  it  is  possible  to  determine  the  size  of  primary  particles  which 
form  the  aggregates  as  well  as  the  size  and  fractal  dimension  of  the  particle  clusters  .  Using 
these  method,  silica  aerogels  have  been  described  as  ’’polymeric  mass  fractals”  formed  by 
lightly  cross-linked  chains  of  particles  (1  <  D  <  2)  or  ’’colloidal  surface  fractals”  formed  by 
compact  branched  cluster  aggregates  (2  <  D  <  3).  The  first  class  has  been  associated  with 
silica  aerogels  synthesised  under  acidic  conditions  and  the  second  class  with  silica  aerogels 
synthesized  under  neutral  and  basic  conditions.  From  considerations  based  on  the  dynamic 
of  the  hydrolysis-condensation  equilibria  between  monomers  and  cluster  aggregates  which 
is  strongly  pH-dependent,  polymeric  type  aerogels  are  modelled  by  cluster-cluster  growth 
type  models  (DLCA)  and  colloidal  type  aerogels  by  monomer-cluster  growth  type  models 
(RDLA).  High  resolution  transmission  electron  microscopy  (TEM)  provides  a  visual  support 
which  confirms  the  aerogels  complex  picture  which  has  emerged  from  the  analysis  of  data 
obtained  by  the  two  other  techniques.  Image  analysis  can  be  performed  on  2D  TEM  micro¬ 
graph  in  the  range  lOnm-lOOOnm  using  the  traditional  tools  provided  by  the  mathematical 
morphology  [2]  and  the  multiscaling  analysis  [3] . 

Nitrogen  adsorption-desorption  measurements  are  usually  used  to  characterize  the  porous 
texture  in  the  size  range  0.2-5  nm.  As  it  was  shown  elsewhere  [4]  ,  the  traditional  BET  meth¬ 
ods  are  unable  to  analyse  the  adsorption-desorption  curves  of  aerogels  the  pore  of  which 
exhibit  a  complex  self-similar  distribution.  Nevertheless,  as  this  has  been  shown,  the  surface 
fractal  dimension  can  be  obtained  from  the  fractal  Prenkel-Halsey-Hill  (FHH)  equation  [5-6] . 
The  aim  of  this  paper  is  to  obtain  a  more  comprehensive  picture  of  the  aerogel  structure.  We 
want  to  confront  and  compare  the  information  provided  for  the  same  samples  by  these  three 
different  independent  characteriaation  methods  which  correspond  to  three  different  albeit 
overlapping  scales.  To  achieve  this  goal,  we  have  applied  SAXS,  nitrogen  adsorption  and 
image  analysis  methods  to  study  the  morphology  of  Si02  —  Zr02  aerogels  which  have  been 
synthesised  in  our  laboratory  to  develop  new  catalytic  materials. 
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CHARACTERISATION  METHODS 

The  gel  and  aerogel  preparation  is  described  in  Ref.  [4].  Here  we  will  consider  only  aero¬ 
gels  prepared  in  acidic  conditions.  The  SAXS  spectra  were  obtained  at  the  Laboratory  of 
Experimental  Physics,  Lige  (Belgium)  with  a  Kratky  compact  camera.  The  Kratky  X-ray 
tube  is  supplied  with  a  power  of  1.5  kW  and  Cu-Ka  radiation  is  used.  All  the  measurements 
were  made  by  a  step  scanning  procedure.  The  domain  explored  is  thus  in  the  wave- vector 
range  0.003  <  q  <  0.6 AL  A  ’’blank”  scattering  (the  scattering  of  the  device  without  sample) 
has  been  systematically  measured  and  subtracted  from  the  intensities  recorded  with  the  sam¬ 
ple.  The  collimated  effects  have  been  mathematically  eliminated.  This  operation  is  called 
’’desmearing”.  In  our  case,  the  corrections  were  made  using  an  original  method  [7].  The 
nitrogen  adsorption-desorption  isotherms  were  determined  at  liquid-nitrogen  boiling  tem¬ 
perature  (77K)  by  the  classical  volumetric  method  with  Sorptomatic  Carlo  Erba  Series  1800 
apparatus  controlled  by  an  IBM  Personal  Computer.  Nitrogen  of  high  purity  (99.98%)  was 
used.  To  perform  the  image  analysis,  sections  (20nm)  were  prepared  by  cryo-ultramicrotomy. 
These  sections  were  observed  by  TEM  with  an  Philips  CMIOO  electron  microscope  with  a 
resolution  of  lOOkv.  The  micrograph  were  acquired  by  a  video  camera  and  digitized  on  a 
matrbc  of  512x512  pixels  with  256  gray  levels  using  the  Noesis  software  on  a  SunSparclO. 

SAXS  RESULTS 

The  fractal  picture  of  a  real  system  formed  from  a  particle-cluster  or  a  cluster-cluster 
aggregation  mechanism  is  characterised  by  the  size  of  the  primary  particles  which  form  the 
aggregates  (r),  the  characteristic  size  of  the  aggregates  x  f^ie  fractal  dimension  of  these 
aggregates  (D).  The  characteristic  length  is  related  to  the  radius  of  gyration  of  the  isolated 
clusters,  if  the  fractal  ci>je.43:  arein  solution,  or  with  the  correlation  length  if  the  fr^tal  system 
is  a  continuous  structure  like  a  gel  or  an  aerogel.  The  value  of  the  fractal  dimension  depends 
of  the  growth  mechanism.  In  the  small-angle-scattering  theory  ,  r,  x  D  can  be  deter¬ 
mined  from  the  cross-over  separating  three  well-defined  linear  ranges  of  the  log  I  versus  log  q 
curve,  where  I  is  the  scattered  intensity,  q  =  47rA“^sin(0/2)  is  the  modulus  of  the  scattering 
vector,  A  is  the  wavelength  of  the  radiation  and  &  is  the  scattering  angle  [8].  For  small  q  ,  a 
cross-over  appears  around  x—  which  defines  the  end  of  the  curve  where  I=cte.  For  high 
q,  the  cross-over  at  ,  r  =  l/q2  corresponds  to  the  beginning  of  the  region  where  the  intensity 
follows  the  Porod’s  law,  I  oc  q'*  .  This  domain  describes  the  smooth  non-fractal  primary  par¬ 
ticles  which  form  the  fractal  aggregates.  Between  these  two  cross-over  the  intensity  follows 
the  simple  power  law  I  oc  q”^,  where  D  is  the  fractal  dimension,  which  may  have  values  from 
1  to  3  according  to  the  clustering  mechanism  responsible  for  the  aerogel  structure  [9].  Figure 
la  shows  the  log-log  plot  of  the  SAXS  intensity  curve  corresponding  to  the  studied  aerogels. 
The  SAXS  plot  exhibits  two  linear  domains:  a)  for  q  <  0.09A-^  the  intensity  curve  obeys  the 
Porod’s  law.  Then,  the  size  of  the  primary  particles  which  build  up  the  fractal  structure  is 
r  «  7nm.  The  form  factor  of  the  particles  can  be  determined  from  the  plot  log(I  x  q'*)  versus 
log  q.  Oscillations  on  this  curve  are  characteristic  of  a  spherical  particles  form  factor  .  In  our 
case  ,  the  very  small  amplitude  of  the  oscillations  indicates  a  great  particle  polydispersity 
[10].  As  the  location  of  the  cross-over  is  very  sensitive  to  the  particle  polydispersity,  the 
value  obtained  for  r  could  be  underestimated,  b)  for  0.008A“^  <  Q  <  0.09A“^  the  intensity 
curve  obeys  a  power  law  I  oc  q“^  with  D  =  1.70  ±  0.10.  The  correlation  length  of  the  fractal 
aggregates  is  estimated  to  be  x  ^  80nm.  Nevertheless,  for  q  <  0.008A  ^  the  region  I=cte 
is  not  yet  reached.  This  could  mean  that  due  to  the  hierarchical  growth  process,  an  other 
level  of  fractal  network  is  still  present  at  that  scale.  USAXS  additional  measurements  are 
necessary  to  confirm  this  assumption. 
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IMAGE  ANALYSIS  RESULTS 


TEM  micrographs  at  different  resolutions  are  shown  in  figure  2a-d.  At  very  high  resolu¬ 
tion  (xl.2xl06)  the  aerogel  appears  as  an  aggregate  of  sphere-like-particle.  Unfortunately, 
the  image  structure  is  so  tenuous  that  the  primary  particles  cannot  be  clearly  identified  to 
determine  its  size  distribution  using  the  traditional  granulometric  image  analysis  methods. 
Nevertheless,  from  the  micrograph  of  the  Fig  la,  we  can  estimate  the  average  particle  radius 
which  is  in  the  range  5nm  <  r  <  lOnm.  At  lower  resolutions,  the  structure  of  the  fractal 
aggregates  appears  clearly.  To  obtain  an  evaluation  of  the  images  spatial  correlation,  we 
have  used  two  methods:  the  covariance  function  [2].  and  the  multifractal  analysis  [3].  After 
image  digitization,  morphological  and  linear  filtering  were  performed  to  enhance  the  contrast 
of  the  structure.  Then,  a  careful  thresholding  transformation  was  applied  to  obtain  binary 
images  (white  pixels  for  the  aerogel,  black  pixels  for  the  background).  To  account  for  the 
statistics  fluctuations  between  diff^erent  locations  within  each  micrograph,  various  positions 
where  diosen  at  random.  A  total  of  five  images  at  each  resolution  were  digitized,  filtered  and 
binarized  with  the  same  method.  To  calculate  the  covariance  function  we  use  the  method 
described  in  Ref.  [2]  . 

The  Covariance  Function 

Fig.  3a-d  show  the  covariance  function  obtained  from  figures  2b,c  and  d.  At  high  resolu¬ 
tion  (x2.6xl05)  after  magnifying  a  small  part  of  micrographs  (see  figure  2b),  it  is  possible  to 
distinguish  the  particles.  The  covariance  function  of  these  images  present  a  quasi-periodicity 
with  a  period  of  [r  9nm  between  a  maximum  and  a  minimum.  This  represent  the  mean 
size  of  the  particles.  If  we  take  now  the  full  images,  the  particles  have  faded  but  the  structure 
of  the  aggregate  appears  clearly.  In  this  case,  the  decreasing  covariance  function  presents 
two  cross-over  or  characteristic  lengths:  r  «  9nm  which  corresponds  to  the  average  parti¬ 
cle  size  and  ^  «  60nm  which  corresponds  to  the  correlation  length  of  the  aggregate.  At  a 
smaller  resolution  (xl.3xl0r  J,  the  particles  have  disappeared  (Figme  2d)  and  the  decreasing 
covariance  function  yields  a  correlation  length  of  ^  60nm  .  It  is  of  interest  to  note  that 
the  value  oi  ^  fa  60nm  and  r  calculated  from  the  covariance  function  are  in  agreement  with 
those  obtained  from  the  SAXS  observations. 

The  Fractal  Analysis 

As  we  have  shown  previously  [3],  the  box  counting  method  provides  a  scaling  char¬ 
acterisation  of  the  morphology  of  complex  systems.  We  have  calculated  the  generalized 
dimensions  Dq  0  <  q  <  5  using  the  method  described  in  [3]  on  images  at  different  resolutions 
and  reported  the  results  on  the  same  graph.  Figure  4  gives  the  variation  of  the  correlation 
dimension  D2  with  the  observation  sc^e.  At  large  distances  (1  >  200nm)  the  image  is  seen 
as  an  average  medium  of  dimension  D2  =  2.  At  short  distances  (1  <  lOnm)  we  are  at  the 
’’grain”  scale.  As  this  ’’grain”  scale,  which  coincides  with  the  elementary  pixel  scale,  dimen¬ 
sion  cedculations  are  performed  at  the  resolution  limit  and  hence  are  not  realistic.  Finally  the 
intermediate  domain  lOnm  <  1  <  200nm  represents  the  transition  between  the  elementary 
pixel  scale  at  the  smaller  resolution  and  the  average  image  at  the  higher  resolution.  In  this 
cross-over  region,  the  ’’fractal  dimension”  is  scale  dependent  (multiscaling)  and  varies  in  the 
interval  1.8  <  D2  <  2.  At  the  scale  (lOnm  <  1  <  fiOnm),  D2  1.85  is  almost  constant.  This 
value  corresponds  to  the  dimension  of  the  projected  image  of  a  tridimensional  20nm  thin 
objet  on  a  plane.  It  is  therefore  not  surprising  that  ’’fractal  dimension”  obtained  in  that  way 
is  slightly  different  from  the  one  determined  with  SAXS  at  the  same  scale  (D2  ^  1.7). 
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THE  FRACTAL  FHH  ADSORPTION  CURVE  ANALYSIS 


In  a  previous  publication  [4],  we  have  shown  how  the  fractal  FHH  theory  [5-6]  can 
yield  the  surface  fractal  dimension  provided  the  dominant  adsorption  regime  (  governed 
by  van  der  Waals  forces  or  by  the  superficial  tension)  is  unambiguously  Imown.  Figure  5 
shows  a  plot  of  the  experimental  data  as  logN/Nm  versus  lo^/po-  To  avoid  problans  re¬ 
lated  to  a  possible  modification  of  the  aerogel  structure  at  high  relative  pressure,  we  have 
only  consider  the  adsorption  data  for  p/po  <  0.8.  In  the  range  0.4  <  p/po  <  0.8  we  found 
2  <  m  <  3  that  indicates  that  the  CC  regime  is  dominant.  In  this  case  ,  we  find  D=2.60. 
This  surface  fractal  dimension  characterizes  the  porous  texture  in  the  scale  range  0.2-2  nm, 
i.e,  at  the  molecular  scale  which  is  not  accessible  to  SAXS  measurements  and  image  analysis. 

CONCLUSIONS 

We  have  shown  for  the  first  time  that  mixed  aerogels  if  they  are  correctly  synthetized  may 
present  a  hierardiical  structure  that  is  not  very  different  from  that  of  pure  silica  aerogels. 
Since  some  physical  parameters  are  composition  dependent  (for  instance  the  addition  of  a 
few%  of  zirconia  has  been  reported  to  substantially  increase  the  resistance  of  alkaline  attack 
[11]  ,  this  technology  is  able  to  produce  a  variety  of  new  materials  which  keep  the  essential 
aerogel  properties.  The  combination  of  three  independent  characterization  techniques  prob¬ 
ing  different  scales  of  observation  on  the  same  samples  provides  an  improved  picture  of  the 
hierarchical  structure  of  these  complex  materials. 
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ABSTRACT 

The  surface  fractal  dimension  (D^)  of  pyrolytic  carbon  blacks  (CBp)  was  determined  using 
small  angle  X-ray  scattering  (SAXS).  The  CBp  were  produced  by  vacuum  pyrolysis  of  used  tires  at 
different  temperatures  and  pressures.  For  the  CBp  a  dependence  of  the  pyrolysis  conditions  on  the 
fractal  dimension  was  observed.  The  fractal  dimension  decreases,  suggesting  a  smother  surface,  with 
increasing  pyrolysis  pressure  and  to  a  lesser  intent  with  increasing  pyrolysis  temperature.  Earlier 
SIMS  and  ESCA  investigations  have  indicated  that  an  evident  correlation  exists  between  the  surface 
morphology  and  the  surface  chemistry  of  the  CBp.  According  to  these  investigations,  the  smoothing  of 
the  CBp  surface  is  due  to  the  formation  of  carbonaceous  deposits  from  adsorbed  hydrocarbons  on  the 
CBp. 


INTRODUCTION 

Vacuum  pyrolysis  of  used  tires  is  an  ecological  and  potentially  economic  attractive  way  to 
recover  useful  products  from  this  waste  material.  The  two  most  important  products  obtained  by  this 
tire  conversion  process  are  oil  and  CBp.  The  process  feasibility  depends  on  the  quality  of  the  CBp  , 
i.e.,  its  ability  to  be  used  in  high  value  commercial  application.  Recycling  of  used  tires  by  pyrolysis 
has  been  investigated  by  different  researchers  [1-3].  At  Laval  University  the  pyrolysis  is  performed 
under  vacuum.  Different  aspects  of  the  tire  pyrolysis  such  as  the  pyrolysis  process  [4,5],  the 
characteristics  of  the  pyrolytic  oil  [6-8]  and  CBp  [9-13]  were  investigated.  Due  to  its  reinforcing 
characteristics,  carbon  black  is  one  of  the  key  materials  used  in  rubber  compounding.  For  this 
application  the  surface  chemistry  and  the  surface  morphology  are  important.  It  is  known  from 
scanning  tunneling  microscopy  [14-16]  and  atomic  force  microscopy  experiment  [17]  that  commercial 
carbon  blacks  have  a  rough  surfece.  The  surface  morphology  of  carbon  blacks  is  believed  to  be  a  very 
important  factor  in  rubber  reinforcement.  A  recent  model  describes  steps  on  the  rough  carbon  black 
surfece  having  sizes  similar  to  the  macromolecular  chains  and  therefore  optimizing  the  interaction 
between  carbon  black  and  elastomer  [18].  For  the  substitution  of  commercial  carbon  black  by  CBp ,  it 
is  important  that  this  latter  reinforces  rubber  as  well  as  commercial  carbon  black.  Therefore  their 
surface  morphology  should  be  similar  to  those  of  commercial  rubber  grade  carbon  blacks.  The  fractal 
geometry  provides  a  description  for  irregularities  on  the  surface  and  is  used  in  this  work  to  investigate 
the  morphology  of  CBp  in  comparison  with  the  one  of  commercial  carbon  blacks.  Small-angle  x-ray 
scattering  (SAXS)  has  been  widely  used  to  study  the  structure  of  disordered  systems.  Briefly,  in  the 
theory  of  small-angle-scattering,  it  is  well  known  [19-22]  that  the  intensity  of  radiation  scattered  on  a 
fractal  surfaces  is  often  proportional  to  a  negative  power  of  the  wave  vector  q: 

locq““  (1) 
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where  q  =  4  tt  X,''  sin  (0/2),  X  is  the  wavelength  of  the  radiation  and  0  is  the  scattering  angle.  Usually 
this  dependence  is  observed  only  when  q  satisfies  the  inequality  q  ^  »  1,  where  ^  is  the  characteristic 
length  of  the  structure  producing  the  scattering.  From  the  value  of  Ot  one  can  determine  the  fractal 
nature  of  the  system  under  investigation.  For  systems  with  fractal  surfaces,  the  exponent  a  varies 
between  3  and  4.  In  such  a  case,  this  gives  access  to  the  shape  of  the  particles,  which  build  up  the 
aggregate,  and  their  surface  roughness  where  the  relationship  between  a  and  surface  fractal  dimension 
is  given  by: 


a  =  6-Ds  (2) 

for  q  4  »  1-  When  D*  =  2,  the  intensity  of  the  scattered  radiation  is  proportional  to  q"^  which  is  the 
well  known  Porod  law. 

EXPERIMENT 

Samples 

The  CBp  samples  were  obtained  by  vacuum  pyrolysis  of  the  sidewall  of  used  tires  in  a 
laboratory  scale  batch  reactor  at  temperatures  and  total  pressures  ranging  from  420  to  700  °C  and 
from  0.3  to  20.0  kPa,  respectively.  At  these  conditions  the  tire  pyrolysis  yield  approximately  24  % 
CBp,  72  %  oil  and  4  %  gas.  A  detailed  description  of  pyrolysis  and  product  composition  is  given 
elsewhere  [23].  As  reference  material  for  the  CBp,  five  commercial  rubber  grade  carbon  black 
(N1 15,N375,N539,N660  and  N774)  were  characterized.  The  two  most  important  properties  of  carbon 
blacks  are  the  surface  area  and  the  structure,  which  is  measured  as  void  volume  [24].  The  commercial 
carbon  black  samples  were  provided  by  Cabot,  Sarnia,  Canada  (N115,  N660,  N774)  and  Colombian 
Chemicals,  Hamilton,  Canada  (N375  and  N539). 

SAXS  Measurements 

The  spectra  were  run  at  Laboratoire  pour  FUtilisation  du  Rayonnement  Electromagnetique 
(LURE),  Orsay  (France)  on  DCI  (D22  station).  The  fixed-exit,  double-crystal  monochromator  is 
turned  to  provide  a  beam  of  10  -keV  X-rays  (>«=  1,  24  A  ).  Since  the  size  of  the  beam  at  the  sample  is 
smaller  than  1  mm^,  no  desmearing  of  the  data  is  necessary.  Two  beam  deflectors  and  Nal  scintillator 
detectors  are  positioned  before  and  after  the  sample  chamber  to  constantly  monitor  the  relative  input 
X-ray  intensity  and  sample  absorption.  The  scattered  X-rays  are  detected  with  a  Xe-C02  gas-filled, 
one  dimensional  position-sensitive  detector  (with  a  resolution  of  197  pm).  The  sample-to-detector 
distance  is  526  mm  allows  SAXS  data  to  be  obtained  in  the  q  range  from  0.15  to  4.  4  nm"l.  The  data 
are  plotted  as  the  relative  intensity  versus  q  after  correction  for  parasitic  scattering  and  sample 
absorption.  The  background  scattering  is  corrected  in  the  standard  manner.  All  samples  are  normalized 
to  a  thickness  of  1  mm. 

RESULTS 

In  Fig.  1  the  determination  of  Ds  fi'om  the  experimental  SAXS  data  is  shown  for  a  commercial 
carbon  black  and  two  CBp  samples.  For  all  carbon  black  samples,  the  SAXS  intensity  curves  show  a 
power  law  variation  according  to  the  equation  (1)  where  the  exponent  a  is  always  greater  than  3 
indicating  the  fi-actal  nature  of  the  carbon  black  surfaces.  The  ranges  of  the  linear  parts  (log-log  plot), 
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on  which  the  fractal  dimension  was  calculated ,  extend  on  a  length  scales  ( =  27c  /  q )  from  5  to  38  nm. 
This  range  of  fractal  regime  is  more  limited  for  the  commercial  carbon  blacks  than  the  pyrolytic 
samples  CBp.  For  the  commercial  carbon  blacks,  the  fractal  dimensions  are  presented  in  table  1. 
However,  in  contrast  to  the  results  obtained  from  nitrogen  adsorption  [12],  the  SAXS  data  show  for 
the  two  high  surface  area  grades  (N1 15  and  N375)  slightly  higher  D*  values  than  for  the  low  surface 
area  grades  (N539,  N660,  N774).  More  precise  information  on  the  first  one  or  two  carbon  black  layers 

can  be  obtained  by  SIMS.  In  the  SIMS  spectra  of  carbon  black  the  peak  was  assigned  to  aromatic, 
graphite-like  carbon  and  the  C^H  peak  to  aromatic  carbon  bound  to  hydrogen  [25]  Since 

carbonaceous  deposits  on  carbon  blacks  consist  of  small  aromatic  compounds,  the  C^H/C^  peak  ratio 
can  be  regarded  as  a  measure  for  carbonaceous  deposits  on  carbon  blacks.  For  commercial  samples, 
the  corresponding  SIMS  results  showed  indeed  that  on  the  high  surface  area  slightly  less  carbonaceous 
deposits  were  present  than  on  the  other  commercial  carbon  blacks.  A  slightly  rougher  surface  for  the 
two  high  surface  area  grades  is,  therefore,  reasonable.  For  the  CBp  samples  a  similar  dependence  of 
the  fractal  dimension  on  the  pyrolysis  conditions  was  found  by  SAXS  as  by  the  FHH  method  [26].  The 
fractal  dimension  measured  by  the  two  methods  decreased  with  increasing  pyrolysis  pressure  (table  1). 
A  decrease  of  D*  with  increasing  pyrolysis  pressure  indicates  a  smoothing  of  Ae  surfece.  This 
smoothing  is  due  to  the  deposition  of  pyrolytic  carbon  or  carbonaceous  deposits  on  the  surface  of  CBp 
The  concentration  of  these  carbonaceous  deposits,  measured  by  ESCA  spectra,  depends  on  the 
pyrolysis  conditions.  It  decreases  with  decreasing  pyrolysis  pressure  and  increasing  pyrolysis 
temperature  as  shown  in  the  figure  2. 


Figure  1:  Determination  of  the  fractal  dimension  of  the  carbon  black  surface  using  small  angle  X-ray 

scattering  (SAXS) 
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Figure  2:  Area  of  the  ESCA  Ci  peak  [%]  of  CBp  as  a  fonction  of  pyrolysis  conditions 

However,  the  absolute  values  of  Dj  determined  for  the  CBp  by  SAXS  and  the  FHH  method  differed 
considerably.  These  differences  can  be  attributed  to  the  different  physical  background  of  the  two 
methods.  Most  of  the  inorganic  tire  components  are  left  in  the  CBp  after  the  pyrolysis.  Prominent 
inorganic  components  are  ZnO  and  ZnS.  The  surface  area  of  these  inorganic  compounds  is  small 
compared  with  the  surfece  area  of  the  organic  portion.  Therefore,  by  nitrogen  adsorption  only  the 
organic  portion  of  the  CBp  is  probed  and  the  fractal  dimension  obtained  by  the  fractal  Frenkel-Halsey- 
Hill  (FHH)  theory  describes  only  the  surface  morphology  of  the  organic  portion  of  the  CBp.  In  contrast 
to  the  nitrogen  adsorption  experiment,  the  SAXS  is  also  sensitive  to  the  electronic  atmosphere  of  the 
inorganic  molecules.  Therefore,  we  can  explain  the  difference  in  values  of  Dg  between  commercial 
carbon  blacks  and  CBp  by  the  large  sensitivity  of  SAXS  to  the  inorganic  portion. 


Table  1:  Fractal  Dimension  (Ds)  measured  by  SAXS  of  commercial  and  pyrolytic  Carbon  Blacks 
in  comparison  with  the  fractal  dimension  obtained  by  the  FHH  theory. 


Commercial  - 
Samples 

D,(FHH) 

D.(SAXS) 

_ 

CBp-Samples 

D.(FHH) 

D,(SAXS) 

N115 

2.55 

mSM 

CBp 

420‘'C 

2.55 

2.91 

N375 

2.57 

CBp 

2.57 

2.90 

N539 

2.54 

2.30 

CBp 

500°C 

10  KPa 

2.46 

2.76 

N774 

2.46 

2.34 

CBp 

2.52 

2.69 

CONCLUSIONS 

By  vacuum  pyrolysis  of  used  tires,  the  carbon  black  filler  can  be  recovered.  However,  the 
obtained  CBp  differ  from  the  commercial  carbon  black  initially  present  in  the  tire. 

Fractal  analysis  of  commercial  carbon  blacks  and  CBp  using  SAXS  confirms  the  surface 
roughness  of  these  samples.  For  the  CBp  samples,  the  fractal  dimension  depends  on  the  pyrolysis 
pressure  and  to  a  lesser  extent  on  the  pyrolysis  temperature.  The  CBp  surface  is  smoothened  with 
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increasing  pyrolysis  pressure  due  to  the  formation  of  the  carbonaceous  deposits.  For  commercial 
carbon  black,  the  SAXS  experiments  indicate  that  high  surface  area  grades  have  a  slightly  rougher 
surface  than  low  surface  area  grades.  This  observation  is  also  supported  by  SIMS  results  which  show 
that  more  carbonaceous  deposits  are  present  on  the  low  surface  area  grades  than  on  the  high  surface 
area  grades  and  by  the  recent  investigations  [27]  using  Atomic  Force  Microscopy  (AFM) . 
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Abstract 

The  changes  in  the  radial  distribution  function  (RDF)  and  vibrational  density  of  states 
(DOS)  of  porous  silicon  (p-Si)  with  change  of  porosity  are  studied  within  a  modified  diffusion 
limited  aggregation  model  and  molecular  dynamics  simulations.  By  decomposing  the  first 
peak  of  the  radial  distribution  function  of  p-Si  on  to  partial  RDFs,  for  atoms  having  different 
coordinations,  and  partial  RDFs,  for  bonds  connecting  atoms  with  different  coordinations, 
we  show  that  appearance  of  the  structure  in  the  first  peak  of  the  RDF  in  p-Si  is  stipulated  by 
bonds  between  undercoordinated  surface  atoms.  The  vibrational  DOS  projected  on  surface 
atoms  are  also  shown  to  be  different  from  that  corresponding  to  crystalline  phonons.  It  is 
characterised  by  the  relative  increase  of  the  intensity  of  vibrations  in  the  acoustic  region  and 
by  appearance  of  surface-like  vibrations  split  from  the  optical  band. 

Key  words:  Porous  Silicon,  Radial  Distribution  Function,  Diffusion  Limited  Aggregate, 
Vibrational  Density  of  States 

Introduction 

Porous  silicon  is  a  semiconducting  material  known  for  its  ability  to  luminesce  effectively  in 
visible  spectral  region  with  both  wavelength  and  integral  intensity  tunable  by  porosity  level. 
Since  it  is  the  mesoscopic  and/or  microscopic  structural  changes  that  make  silicon  optically 
active,  the  study  of  these  changes  is  crucial  for  an  understanding  of  electronic  processes. 

Recent  X-ray  diffraction  experiments  [1]  suggest  that  the  crystalline  phase  in  p-Si  coexists 
with  other  phase(s)  characterised  by  the  appearance  of  a  peak  close  to  the  crystalline  first 
peak  in  the  RDF.  The  position  of  this  peak  is  found  to  change  almost  linearly  with  porosity, 
reaching  a  shift  ~  1%  of  the  crystalline  bond  length  at  35%  porosity.  Further,  this  peak 
may  be  shifted  to  either  longer  or  shorter  distances  depending  on  the  sample  preparation 
history.  Another  remarkable  feature  of  porous  silicon  related  to  the  microscopic  structure  is 
that  the  photoluminescence  (PL)  there  is  found  to  strongly  couple  to  the  atomic  vibrations 
[2,3].  In  order  to  understand  whether  the  nature  of  the  electron- vibrational  interaction  in 
porous  media  is  different  to  that  in  crystalline  silicon  [4],  one  should  understand  first  how 
the  vibrational  spectrum  of  p-Si  changes  with  porosity. 

In  the  present  paper  we  show  that  some  of  the  important  structural  characteristics  of 
porous  media  can  be  qualitatively  explained  by  a  local  rearrangement  of  the  crystalline 
lattice  near  the  internal  surfaces.  Using  a  simple  approach  for  the  simulation  of  electro¬ 
chemical  etching  we  produce  the  porous  structures  on  the  diamond  type  lattice.  We  then 
show  that  a  relative  fraction  of  atoms  having  different  number  of  nearest  neighbours  is  a 
well  reproducible  function  of  porosity.  Analysing  the  radial  distribution  functions  resulting 
from  our  model,  we  evaluate  partial  distribution  functions  corresponding  to  averaging  over 
sets  of  atoms  distinguished  by  their  coordination  numbers.  We  argue  that  the  characteristic 
porous  silicon  peak  in  the  RDF  arises  from  the  atoms  at  internal  surfaces. 
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Modelling  procedure 


The  most  widely  used  procedure  of  porous  formation  in  silicon  is  electrochemical  etching 
of  silicon  wafers  in  a  weak  solution  of  HF  acid.  We  simulate  this  process  by  means  of  modified 
Diffusion  Limited  Aggregation  (DLA)  model  [5].  According  to  this  model  the  silicon  wafer 
is  represented  by  3-dimensional  slab  of  a  diamond  type  lattice  with  all  lattice  sites  being 
initially  occupied  by  silicon  atoms.  The  chemical  dissolution  was  modelled  as  a  process 
whereby  silicon  atoms  are  removed  from  the  path  of  the  advancing  acid  particles.  The 
process  is  initiated  by  allowing  acid  particles  to  be  deposited  on  the  top  of  the  surface  at 
a  constant  rate,  i/.  The  acid  particles  undergo  a  random  walk  through  the  silicon  lattice 
with  probabilities,  Pemp-,  to  jump  to  an  empty  site,  and,  pocc  to  a  silicon  atom  site.  The 
probabilities  are  parameters  of  the  model  and  together  with  deposition  rate,  //,  they  mimic 
acid  concentration  and  the  magnitude  of  the  anodic  current.  The  instantaneous  porosity, 
p,  was  defined  as  the  ratio  of  number  of  empty  sites  to  the  total  number  of  sites  in  the 
model.  For  a  given  porosity,  we  have  performed  atomic  coordination  statistics,  that  is,  the 
calculation  of  relative  fractions  of  silicon  atoms  having  one,  two,  three  or  four  nearest 

neighbours  respectively. 

In  order  to  understand  the  nature  of  the  various  types  of  bonds  in  p-Si  we  study  the 
first  pick  in  its  radial  distribution  function,  R{x),  the  partial  distribution  functions,  Gi{x)^ 
corresponding  to  bonds  of  atoms  having  i  nearest  neighbours  (z= 1,2,3, 4)  and  the  partial 
distribution  functions,  gij{x),  corresponding  to  the  bonds  connecting  i-  and  ^-coordinated 
atoms.  The  distribution  functions  R{x)^  Gi{x)^  and  gij{x)  are  related  by  the  equations: 

m  =  E  Gi{x)  (1) 

i  =  1 

4  2n- 

Gi{x)  =  E  ;  '^ij  =  ’  (2) 

i  =  l  = 

where  Uij  is  the  number  of  bonds  of  type  (ij)  in  the  system.  We  assumed  that  the  distribu¬ 
tions,  gij{x),  are  central  for  all  types  of  bonds  (ij)  and  they  can  be  accurately  represented 
by  normal  frequency  functions  having  the  same  first  and  second  central  momenta,  and 
aij  respectively 
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Then,  the  approximate  partial  RDFs  Gi  can  be  expressed  as 


(3) 

(4) 


One  should  note,  that  the  functions  gij(x)  represent  the  average  distributions  of  bonds  of 
different  types,  and  do  not  depend  on  the  porosity.  So,  they  need  to  be  evaluated  only  once 
in  a  model  of  arbitrary  porosity.  At  the  same  time,  all  the  dependence  on  porosity  in  the 
total  RDF,  R(a;),  and  (Eq.  (  2))  is  contained  in  the  weight  functions,  reflecting 
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the  relative  fraction  of  bonds  of  type  (ij).  These  weights  can  be  directly  calculated  from  the 
DLA  model  discussed  above,  or  approximated  by  the  relation; 


fi(p)fj{p) 

2 


(5) 


where  /,•  is  the  fraction  of  z-coordinated  atoms  and  can  be  recovered  from  the  DLA  modelling 
as  discussed  above.  Finally,  combining  Eq.  (1-5)  one  can  calculate  the  approximate  radial 
distribution  function  of  p-Si  as  a  function  of  porosity: 


R{x,p) 


Gi{x,p) 


2^,% 


fi{p)fj{p)  ^ij) 


2(t? 


(6) 


To  obtain  the  parameters  a^j  and  aij  the  structure  of  75%  porosity  constructed  within 
the  DLA  model  was  chosen  and  atomic  positions  optimised  by  means  of  simulated  annealing 
procedure  within  molecular  dynamics  (MD)  approach.  For  this  purpose  the  Tersoff  many- 
body  potential  model  was  employed  [6],  whose  strengths  and  limitations  are  well-known. 
Then,  we  calculated  the  average  bond  lengths  a9.  and  standard  deviations  aij  for  bonds 
connecting  z-coordinated  and  j-coordinated  atoms  for  all  combinations  Using  these 

values  we  have  calculated  the  radial  distribution  functions,  R{x,p]^  according  to  Eq.  (  6). 

While  studying  the  vibrational  properties  we  have  also  assumed  that  atoms  having  differ¬ 
ent  coordinations  would  have  different  influence  on  the  vibrational  density  of  states.  To  study 
the  DOS  the  same  system  of  75%  porosity  was  used,  for  which  a  12ps  molecular  dynamic 
run  at  temperature  50/i  was  undertaken.  A  statistically  representative  set  of  20  atoms  with 
different  coordination  were  chosen,  and  their  instantaneous  coordinates  and  velocities  stored 
every  10/s.  The  vibrational  DOS  was  determined  from  the  power  spectral  density  of  the 
velocity  auto- correlation  function  averaged  over  the  groups  of  equally  coordinated  atoms. 

Results  and  discussion 


We  evaluated  the  atom  coordination  statistics  in  the  DLA  model  containing  64000,  216000, 
and  10®  sites,  which  correspond  to  a  cubic  simulation  boxes  with  linear  sizes  108.4  A,  162.6  A, 
and  271  A  respectively.  The  fraction  of  atoms  having  different  numbers  of  nearest  neighbours 
as  a  function  of  porosity  is  depicted  in  Figure  1.  We  see  that  the  general  trend  of  the  curves 
is  similar  for  all  three  sizes,  with  the  largest  discrepancy  (less  then  8%)  arising  at  20  -  30% 
porosity.  The  results  of  the  numerical  modelling  of  porous  formation  can  be  thought  to  be 
bounded  between  two  extreme  cases:  i)  a  very  slow  etching  process,  when  layer-by-layer 
etching  is  achieved  and  no  pores  formed;  and  ii)  a  fast,  explosion-like  fracture,  characterised 
by  a  random  atomic  distribution  for  all  given  porosity  values.  In  the  former  case  a  surface 
area  remains  roughly  constant,  so,  for  large  systems  with  linear  size  L  the  fraction  of  surface 
atoms  will  depend  on  ’porosity’  as 


E  fi 


i  =  1 


ns/ 


1 

i(i-p)' 


(7) 


This  would  be  negligible  compared  to  the  bulk  unless  the  ’porosity’  is  very  high.  It  can  be 
shown  that  for  (ii),  the  relative  fractions  are  defined  by  terms  of  the  binomial  expansion; 


/.  =  (i)(i-p)y-' 


(8) 
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Figure  1:  Fractions  of  atoms  in  the  DLA  hav-  Figure  2:  Histograms  for  the  partial  radial 

ing  1,  2,  3  and  4  nearest  neighbours  as  a  distribution  functions  Gi  calculated  at  75% 
function  of  porosity:  64000  sites  model  (dot  porosity,  and  approximate  partial  RDF’s  Gi 
lines),  216000  sites  (short  dash  lines),  and  (solid  lines)  calculated  according  to  Eq.  (  4). 
10®  sites  model  (long  dash  lines).  Solid  lines 
represent  the  case  of  random  sites  occupation 
(Eq.  (  8)). 

where  z  -  is  the  number  of  nearest  lattice  sites  (2  =  4  in  case  of  diamond  type  lattice),  and 
(^)  -  is  a  binomial  coefficient:  [D  —  -t^-y  •  The  porous  formation  mechanism  is  characterised 
by  the  development  of  internal  surfaces  and  a  corresponding  increase  in  the  surface/ volume 
ratio.  The  dependence  /,•  on  porosity  (Figure  1)  suggests  that  our  DLA  model  represents 
porous  growth.  At  low  porosities  the  porous  surface  area  (i.e.  the  fraction  of  undercoor¬ 
dinated  atoms)  grows  significantly  slower  then  in  (n')  case,  which  indicates  a  great  deal  of 
correlation  in  atomic  positions.  At  the  same  time,  when  the  porosity  increases  to  70  —  90%, 
the  aggregates  still  remain  compact  in  the  sense  that  more  then  20%  of  atoms  remain  being 
in  a  bulk-like  state  (i.e.  are  fully  coordinated). 

The  local  relaxation  effects  in  p-Si,  were  studied  in  the  model  at  75%  porosity  containing 
12000  atoms  (simulation  box  -  48000  sites).  After  the  atomic  positions  were  optimised,  all 
the  atoms  in  the  system  were  sorted  by  their  coordination.  The  natural  cut  off  criteria 
dcut  =  2.9A  was  chosen  for  this  purpose.  Only  5  atoms  (out  of  12000)  where  found  to  be 
5-coordinated  within  the  chosen  cut  off,  so,  the  influence  of  overcoordinated  atoms  in  RDF 
is  negligible.  There  were  also  found  a  small  number  of  isolated  atoms  and  Si2  clusters  which 
where  not  considered  in  the  averaging. 

Histograms  for  the  partial  radial  distribution  functions,  Gi{x)^  calculated  for  differently 
coordinated  atoms  are  shown  in  Figure  2.  It  is  seen  in  the  diagram  that  all  the  distributions, 
Gi{x),  display  a  complex  structure  reflecting  the  fact  that  the  bonds  around  the  undercoordi¬ 
nated  atoms  and  between  the  3-  and  4-coordinated  atoms  are  generally  shorter  then  those  in 
the  bulk.  One  can  assume  that  different  peaks  in  the  partial  RDFs  correspond  to  the  bonds 
connecting  atoms  with  different  coordination.  For  instance,  bonds  connecting  4-coordinated 


Table  1:  Average  values  a?-  and  the  standard  deviations  (Tij  calculated  for  different  types  of 
bonds. 


Bonds  type  (ij) 

2-1 

2-2 

3-1 

3-2 

3-3 

4-2 

4-3 

4-4 

<  (A) 

ai,l2  (A) 

2.298 

0.013 

2.300 

0.011 

2.298 

0.009 

2.302 

0.016 

2.312 

0.016 

2.320 

0.006 

2.320 

0.011 

2.338 

0.016 

2.366 

0.013 

atoms  have  different  average  lengths  and  distribution  widths  compared  to  bonds  connecting 
3-  and  4-coordinated  atoms  and  so  on.  In  order  to  show'  that,  we  have  calculated  the  average 
bond  lengths  and  standard  deviations  aij  for  different  types  of  bonds  (Table  I).  The  re¬ 
sults  show,  that  bonds  connecting  undercoordinated  atoms  and  4-  and  3-  coordinated  atoms 
are  indeed  shorter  then  bonds  between  4-coordinated  (bulk)  atoms.  Given  the  a°j  and  <jjj  we 
have  also  evaluated  the  approximate  distribution  functions,  Gi{x)^  using  equation  (  4)  (solid 
lines  in  Figure  2).  The  agreement  between  Gi{x)  and  (j,(a:)  for  all  types  of  coordination 
justifies  the  approximations  (  3)  and  (  5),  and  allows  for  the  description  of  the  first  peak 
of  the  RDF  in  porous  media  by  the  set  of  easily  calculable  parameters,  such  as  fractions  of 
z-coordinated  atoms,  average  bond  lengths,  ajj,  and  standard  deviations  aij.  The  radial 
distribution  function  Ri{x,p)^  calculated  according  to  Eq  (  6)  for  different  porosity  values, 
is  depicted  in  Figure  3.  As  may  be  seen  in  the  figure,  the  characteristic  peak  of  p-Si  appears 
at  shorter  distances  compared  to  crystalline  peak.  The  amplitude  of  this  peak  grows  with 
porosity  with  its  maximum  position  shifting  to  shorter  distances.  Analysing  the  partial  dis¬ 
tribution  functions  we  conclude  that  the  p-Si  structure  in  the  RDF’s  first  peak  is  entirely 
due  to  the  local  environment  of  the  undercoordinated  atoms.  In  other  words,  the  relaxation 
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Figure  3:  Total  radial  distribution  function 
for  c-Si  and  p-Si  at  20%,  40%,  60%  and  80% 
porosity,  calculated  according  to  Eq.  (  6) 
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Figure  4:  Histograms  for  the  vibrational  den¬ 
sity  of  states  for  sets  of  atoms  having  differ¬ 
ent  number  of  nearest  neighbours,  and  for 
c-Si 
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at  and  near  the  internal  surfaces  in  p-Si  is  responsible  for  the  appearance  of  this  structure. 
One  should  note,  that  in  real  p-Si  the  surface  may  be  oxydised  or  passivated  by  hydrogen  or 
other  chemical  species.  This  in  turn  could  change  the  shape  and  position  of  the  p-Si  peak 
in  the  RDF  depending  on  the  bond  length  distribution  at  the  surface. 

Figure  4  demonstrates  the  influence  of  surface  atoms  on  the  vibrational  density  of  states. 
One  can  see,  that  the  ratio  of  the  acoustic  to  optical  vibration  intensities  is  larger  for  the 
undercoordinated  atoms  then  in  the  bulk  crystal.  Another  remarkable  feature  of  the  DOS 
projected  on  surface  atoms  is  the  appearance  of  high  frequency  vibrations  resembling  the 
crystalline  surface  mode.  Consequently,  with  the  increase  of  porosity  in  p-Si,  one  would  ex¬ 
pect  the  increase  of  the  DOS  amplitudes  in  the  acoustic  region  and  in  high  frequency  region 
beyond  the  optic  mode.  In  general,  vibrations  of  higher  frequency  couple  more  strongly  to 
electronic  transitions,  and  so  one  would  expect  an  enhancement  of  the  electron-phonon  inter¬ 
action  in  p-Si  with  increase  of  porosity.  However,  theoretical  modelling  suggests  that  some 
small  silicon  clusters  containing  few  tens  of  atoms  also  display  high  frequency  vibrations  [6], 
and  these  are  likely  to  be  present  in  p-Si  samples.  So,  the  question  whether  the  enhancement 
of  the  electron-vibrational  interaction  in  p-Si  originates  from  internal  surfaces  or  from  small 
clusters  needs  to  be  further  investigated.  It  should  also  be  mentioned,  that  the  classical 
potential  model  employed  in  our  study  might  not  be  sufficiently  accurate  for  representing 
dynamical  properties,  especially  where  charge  redistribution  effects  are  important.  However, 
the  method  of  partial  distribution  functions  proposed  in  the  paper,  requires  the  study  of 
only  one  representative  system  of  moderate  size  and  arbitrary  porosity  allowing  for  more 
sophisticated  schemes  in  total  energy  calculations  to  be  employed. 

In  summary,  we  have  developed  a  procedure  for  investigating  the  influence  of  porosity  on 
the  structural  and  dynamical  properties  of  porous  media.  Applying  this  procedure  to  the 
porous  silicon  we  have  shown  that  the  appearance  of  the  structure  in  the  first  peak  of  the 
radial  distribution  function  is  stipulated  by  the  local  rearrangements  of  atoms  on  internal 
surface.  The  vibrational  density  of  states  of  p-Si  is  also  shown  to  be  affected  by  surface 
atoms  displaying  the  relative  increase  of  the  amplitude  of  acoustic  band  compared  to  the 
optical  band  and  the  appearance  of  vibrations  in  a  frequency  region  higher  than  the  optical 
band. 
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ABSTRACT 

A  fine  pore  characterization  method  is  investigated  for  a  disordered  solid 
including  inaccessible  pores.  Here  inaccessible  pores  denote  ones  into  which  N2 
molecule  cannot  access  at  77  K.  Activated  carbons  prepared  differently  are  examined. 
The  basic  idea  of  the  method  is  as  follows:  (1)  Pores  are  classified  into  effective 
micropores  (further  devided  into  smaller  and  larger  micropores  distinguished  from  DR 
(Dubinin-Radushkevici^  analysis  and  inaccessible  pores.  (2)  Volume  fraction  is 
deteimined  for  each  type  of  pore  considering  densities.  (3)  Debye-Bueche  plot  derived 
from  SAXS  analysis  is  used  to  estimate  the  average  transversal  length  of  solid  part  and 
pore,  respectively,  convinedwith  their  volume  fractions  obtained  from  (1)  and  (2).  (4) 
In  case  of  a  porous  systemwith  a  symmetrical  shape  of  pores,  relative  number  and  size 
of  inaccessible  pore  to  effective  micropore  are  calculated. 

INTRODUCTION 

A  precise  characterization  of  microporous  solids  is  requisite  for  further 
development  of  related  sciences  and  technologies.  In  particular,  the  research  on  an 

“inaccessible  pore’’  characterization^  is  stimulated  by  recent  physical  studies.  Here 
inaccessible  pore  includes  closed  pores  and  small  micropores  in  which  a  N2  molecule 

cannot  enter.  The  physical  properties  like  unusual  photoconductivity^,  atmosphere- 
sensitive  ESR  relaxation^  and  ferromagnetism^  of  activated  carbons  are  presumed  to  be 
associated  with  disordered  structures  including  inaccessible  pores. 

We  have  no  established  characterization  method  of  inaccessible  pores  in  a 
disordered  solid.  Small-angle  X-ray  scattering  (SAXS)  have  been  used  to  characterize 

the  pore  structures  of  activated  carbon.  Ruike  etal.^  extended  the  Debye's  analysis^  of 
SAXS  intensity  to  get  important  information  on  the  average  size  and  number  of 
inaccessible  pores.  Furthermore,  they  proposed  a  fine  pore  characterization  method 
combining  SAXS,  N2  adsorption  and  density  data  and  showed  almost  perfect 
description  on  the  average  porosity  of  activated  carbon.  They  used  activated  carbon 
fibers  which  have  more  ordered  micropore  structures  than  ordinary  granulated  activated 
carbons.  It  is  necessary  to  apply  their  fine  pore  characterization  method  to  activated 
carbon  system  having  a  more  random  structure.  The  aim  of  this  work  is  on  further 
establishment  of  the  fine  pore  characterization  method  applicable  to  the  inaccessible  pore 
characterization. 

EXPERIMANT 

Fine  Pore  Characterization  Method 


In  a  fine  pore  characterization  method,  the  micropores  are  classified  into 
effective  micropores  and  inaccessible  pores  (Fig.l)  owing  to  the  accessibility  to  N2 
molecule  at  77  K.  The  effective  micropores,  determined  with  N2  adsorption,  are  further 
divided  into  smaller  and  larger  micropores  which  are  distinguished  by  the  DR  (Dubinin- 
Radushkevicl^  analysis.  The  inaccessible  pores  consist  of  closed  pores  and 
the  micropores  for  which  a  N2  molecule  is  not  accessible. 
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1 - 1 _  solid  part  (s) 


larger  smaller  ultrapore  dosed  pore 
micropore  micropore  (up)  ('^P) 

(mpl)  (mps)  j  I 

effective  micropore  inaccessible  pore 

Fig.l  Schematic  illustration  of  the  effective  micropore  and  the  inaccessible  pore 
in  microporous  solid. 


Mirrnpornsitv  Determination  with  N7.  Adsorption  and  Density  Measurement! 

N2  adsorption  at  77  K  provides  a  definite  micropore  volume  of  a  miCTOporous 
solid.  Total  micropore  volume  (Was)  ™d  specific  surface  area  (Sas)  are  determined  by 
the  as  plot  of  N2  adsorption  isotherm.®  The  structure  of  the  smaller  micropore  volume 
(V™„s)  is  determined  from  the  analysis  of  the  adsorption  isotherm  with  theDR  equation.^ 
Here  the  larger  micropore  volume  (V mpl)  equals  to  the  subtraction  of  V^ps  from  05. 

In  addition,  we  can  describe  each  pore  shown  in  Fig.l  “  fr™ 
fraction.  These  volume  fractions  can  be  experimentally  obtained  by  using  diftont 
densities,  that  is.  X-ray  density,  dx,  and  apparent  particle  density,  dap.  The  former 
means  the  mass  of  the  solid  part  divided  by  the  solid  volume.  As  the  true  density  of 
graphite  is  known  (2.267  g.  cm'*  )  and  activated  carbon  has  a  structoe  mamly 
Lsisting  of  smaU  graphitic  stackings,  the  X-ray  density  of  activated  ^bon  ^  be 
approximately  derived  from^eq.(l).  Tliis  equation  is  obtamed  by  the  raho  of  the  doo2 
values  forgraphite  (3.354  ^  and  activated  carbon. 


dx  =  2.267  X 


3.354 

doo2 


(1) 


The  latter  is  described  as  the  mass  divided  by  the  total  particle  volume.  It  is  decM  by 
the  replacement  method  usmg  deionized-dlstilled  water.  In  this  case  the  density  (d^ter) 
is  interpreted  as  the  value  when  both  larger  and  smaller  micropores  “o  cmnpldely  fiM 
with  water.  Thus  the  apparent  particle  density  is  expressed  by  eq.(2)  in  terms  of  the 
additive  value  Was  of  the  volumes  of  larger  and  smaller  micropores. 


(2) 


1  +  dwater  W 


aS 


Hence  these  volume  fractions  are  given  by  measurable  quantities,  as  follows. 

Os^dap/dx,  Op  =l-dap/dx,  Omps  =  dapVmpsr 

<fmpl  =  dap(Was-Vmps),  Oinp  =  1  - dap(W<,3  + 1/ d.,)  (3) 

■Small-angle  X-rav  .Scatterinff  and  Pore  Structure 

The  X-ray  scattering  intensity  in  a  classiral  theory  is  represented  with  the  load 
fluctuations  of  electron  density  from  the  average,  p.  Self-correlation  of  p  is  often 
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expressed  by  the  correlation  function,  y  (r).  Debye  et  al.^  introduced  an  exponential 
correlation  function  for  the  porous  system  with  a  distribution  of  pores  of  random  shape 
and  size  in  soliefe  as  Y(r)=exp(-r/fl).  In  this  equation,  r  is  the  distance  between  any  two 
points  in  the  system,  and  a  is  the  correlation  length  which  depends  on  the  heterogeneity 
of  the  system.  Substituting  Y(r)  (defined  above)  in  the  classical  scattering  theory  yields 
the  relationship  between  the  scattering  intensity,  I,  and  a .  The  "smeared"  scattering 

intensity,  I ,  is  associated  with  ^through  eq.(4)  in  a  line  focus  system. 


I 


(1 


(4) 


In  eq.(4)  s  equals  to  (4jrsin0)A,  where  29  is  the  scattering  angle  and  X  is  the  wave¬ 
length  of  X-ray,  and  A  is  a  constant.  The  linear  plot  of  I  vs.  ,  which  is  called 
"Debye-Bueche  plot"^,  provides  the  value  of  a  as  (slope/intercept) 

In  addition  and  <hp  lead  to  the  mean  transversal  dimensions  of  the  carbon  pore-wall 
(fls)  and  the  pore  (Op)  as  =fl/<I>p  andap=fl/<I>g  ,  respectively. 

An  evident  difference  of  electron  density  arises  at  the  boundary  of  the  solid  and 
pore  in  a  porous  solid.  The  surface  area,  Sx,  is  therefore  associated  with  the  SAXS 
intensity.  This  relationship  is  expressed  as  eq.(5). 

(5) 

^^dap 

Experimental  Conditions 

Four  kinds  of  activated  carbons  were  examined.  The  precursor  material  and 
activation  method  of  these  samples  are  shown  in  Table  1.  Adsorption  isotherm  of  N2 
at  77  K  was  measured  with  a  gravimetric  method.  The  apparent  particle  density  was 
determined  by  replacement  method  at  303  K  using  deionized-distilled  water  with  the  aid 
of  a  Gey-Lussac  type  pycnometer  after  pretreatment  at  383  K  for  3  h.  The  XRD 
pattern  was  measured  with  CuKa  radiation  at  40  kV  and  35  mA. 

For  SAXS  analysis,  each  sample  was  packed  in  the  slit-shaped  holder  with 
thickness  of  1  mm  and  positioned  in  the  transmission  geometry.  The  SAXS  spectrum 
was  measured  by  use  of  a  two-axial  three-slit  system  (Mac  Science  Model  No.  3310), 
with  CuKa  radiation  at  20  kV  and  15  mA  The  scattered  beam  was  detected  by  a  linear- 

type  position-sensitive  counter  (PSPC)  with  a  step  of  s=0.0081  A^.  The  data  were 
corrected  for  the  parasitic  scattering  and  absorption. 


Table  1  Preparation  conditions  of  samples. 


sample 

precursor 

activation  type 

PIT-C 

pitch(coal) 

chemical  activation 

PIT-Wl 

pitch(coal) 

H2O 

PIT-W2 

pitch(coal) 

H2O 

NUT-W 

coconut-shcll 

H2O 
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RESULTS  AND  DISCUSSION 
Determination  of  Pore  and  Solid  Volume  Fractions 

All  adsorption  isotherms  of  N2  at  77  K  were  of  type  I,  indicating  their 
microporosity.  Table  2  summarizes  the  obtained  parameters  with  the  analysis  of  No 
adsorption  isotherms, also  with  densities  of  dgp  and  d^ .  The  volume  fraction  ailculated 
with  eq.(4)  facilitates  the  comparative  analysis  of  microporosity  of  the  samples  ^ig.2). 
The  microporosities  of  PIT-Wl  and  PIT-W2  are  fairly  different,  that  is,  inaccessible 
pores  occupy  1/4  of  total  pore  volume  in  PIT-Wl,  while  the  effective  micropore  is 
predominant  in  PIT-W2.  This  predominance  of  the  effective  micropore  is  also 

observed  in  PIT-C  with  the  largest  <I>p  of  all  samples  studied  here.  Most  of  effective 
micropores  in  NUT-W  are  smaller  type  and  the  contribution  of  inaccessible  pores  to  the 
total  porosity  is  great  (0.23). 


Table  2  Adsorption  data  of  samples  obtained  from  and  DR  plots,  and  densities 
measured  by  XRD  and  replacement  method. 


sample 

Sas 

/m“*g‘^ 

Was 

/ml*o 

^mps 

/mPg'^ 

^mpl 

/ml*g'^ 

dx 

_3 

/g'cm 

dap 

/g*cm'' 

PIT-C 

2270 

1.30 

0.98 

0.32 

2.11 

0.55 

PIT-Wl 

1150 

0.52 

0.42 

0.10 

2.11 

0.85 

PIT-W2 

1370 

0.71 

0.54 

0.17 

2.11 

0.81 

NUT-W 

650 

0.23 

0.22 

0.01 

1.84 

1.19 

1 

0.8 

0.6 

0.4 

0.2 

0 


pfT-c  pfT-wi  prr-w2  Njr-w 


□  (i)^p|  :  larger  micropore 
^  ^mps  ■  micropore 

^  «>j^p  :  inaccessible  pore 
I  4>g  ;  solid  part 


Fig.2  Volume  fractions  of  various  pores  and  solid  part. 


Fig.3  The  Debyc-Bucchc  plots  derived  from  SAXS  profiles. 
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Tabic  3  Correlation  length  {a)  and  average  transversal  length  of  solid  (a^)  and  pore  («p) 
parts,  compared  with  pore  width  (vt^  obtained  from  N2  adsorption  isotherm. 


sample 

a/A 

fls/A 

flp/A 

w/A 

PIT-C 

5 

7 

22 

11 

PIT-Wl 

9 

15 

23 

9 

PIT-W2 

9 

14 

23 

11 

NUT-W 

6 

17 

9 

7 

Pore  and  Pore-Wall  Structures  with  SAXS 

The  Debye-Bueche  plots  in  Fig.  3  exhibit  the  clear  linear  region  in  a  wide  range 
of  s.  It  implies  that  the  samples  studied  here  satisfy  the  condition  of  the  random  porous 

system  originally  postulated  by  Debye  et  d  }  The  correlation  length,  a,  for  each  plot 
was  thus  obtaineci  followed  by  estimation  of  the  average  dimensions  of  pore  and  solid, 
and  ag,  respectively.  The  effectiveness  of  these  values  are  assured  by  the  fact  that 
the  obtained  correlation  length  is  converted  to  s  value  included  in  the  linear  region  for 
every  Debye-Bueche  plot.  Table3  shows  the  values  of  a,  ap  and  .  The  average  pore 
width  (from  N2  adsorption,  slit-pore  assumption)  w  is  also  shown  m  Table  3  for 
comparison.  Three  coal-based  samples  have  almost  the  same  Op,  being  greater  than  w . 

As  Op  is  the  mean  transversal  length  and  w  is  the  shortest  length  of  the  three- 
dimensional  slit-pore,  the  fact  of  Op  >  w  is  plausible.  However,  the  great  difference  of 
Op  and  w  is  indicative  of  presence  of  micropores  of  narrow  entrance.  In  case  of  NUT- 
W,  flp  is  quite  close  to  w,  indicating  a  symmetrical  pore. 

In  case  of  a  porous  system  with  a  symmetrical  shape  of  pores,  the  pore 
volumes  (Vem,  Vj  )  and  specific  surface  areas  (Sgni,  Sj)  of  effective  micropores  and 
inaccessible  pores  can  be  geometrically  expressed  with  the  number  of  concentrations 

(neni»  nj)  and  pore  sizes  (rgm,  ♦  Here  the  suffixes  of  (em)  and  (i)  denote  the  effective 
micropores  and  inaccessible  pores,  respectively. 


Vi 

0up  +  Ocp  ni  1 

(6) 

Vem  +  Vi 

i  ^p  nemTem  +niri  ^ 

Si 

Sx  -  Sc5  Hiri^  1 

(7) 

Sem  +  Si 

—  =  2  2  ~ 

Sx  nemtem  +niri  77 

The  relative  number  and  dimension  of  inaccessible  pores  am  be  accordingly  derived  by 
cqs.(8)  and  (9). 


.-"i  . _ (g-1)^ 

nem -I- nj  (^  —  1)^  4- (tj  _ 


Tj  ^77-1 
fern  ^  ~  1 


(8) 

(9) 
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As  sample  NUT-W  probably  has  symmetrical  pores  as  mentioned  above,  this 
method  can  be  applied  to.  The  result  was  obtained  as  ni/(ncm+rJi)=0.55  and 
ri/rcni=0.33.  The  precursor  of  NUT-W  comprises  inherent  miCToporosity  with 
inaccessible  pores.  Some  effective  micropores  arc  produced  from  inaccessible  pores 
by  gasfication  during  activation  process,  following  by  developing  the  size. 
Consequently  the  fact  that  the  size  of  the  effective  pore  is  three  times  larger  than  that  of 
the  inaccessible  pore  is  quite  reasonable.  The  absolute  size  of  the  inaccessible  pore 
should  be  about  3  A,  being  smaller  than  the  size  of  a  N2  molecule.  As  such  narrow 
micropores  should  work  as  inaccessible  pores  for  N2  rnolccules,  the  above  inaccessible 
pore  evaluation  is  helpful  to  characterize  a  disordered  inicroporous  solid.^ 

.  The  analysis  with  the  Debyc-Buechc  plot  for  the  S/^S  profile  is  applicable  to 
the  characterization  of  microporous  carbons.  The  integrated  information  from  SAXS, 
molecular  adsorption  and  density  measurements  lead  to  an  exact  characterizatmn  of 
pores  including  inaccessible  pores.  In  particular,  this  combmed  approach  is  effective 
for  characterization  of  a  random  microporous  system. 
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ABSTRACT 

Sedimentary  rocks  have  complicated  permeability  patterns  arising  from  the  geological  processes 
that  formed  them.  Here  we  address  the  longstanding  question  of  how  such  patterns  are  gen¬ 
erated.  We  also  analize  data  on  two  sandstone  samples  from  different  geological  environ¬ 
ments,  and  find  that  the  permeability  fluctuations  display  long-range  power-law  correlations 
characterized  by  an  exponent  H.  For  both  samples,  we  And  H  0.82  —  0.90.  These  per¬ 
meability  fluctuations  significantly  affect  the  flow  of  fluids  through  the  rocks. 

INTRODUCTION 

Sedimentary  rocks  have  complex  correlated  patterns  that  influence  the  flow  and  recovery  of 
hydrocarbons.  These  patterns  arise  from  the  complicated  geological  processes  that  formed 
the  rocks.  It  is  a  major  experimental  and  theoretical  challenge  to  understand  how  the 
process  forms  the  patterns.  For  oil  companies  it  is  also  extremely  important  to  understand 
how  the  patterns  influence  recovery  and  to  make  quantitative  predictions  of  the  influence. 

In  this  paper  we  address  the  following  points: 

(z)  We  develop  a  “table  top”  experiment  to  understand  the  origin  of  the  geological 
formation  of  aeolian  sands.  Although  the  formation  of  periodic  laminae  of  fine  and  coarse 
grains  in  sedimentary  structures  is  a  widespread  phenomenon  [2,  3,  4,  5,  6],  its  origin 
remains  an  open  question.  Figure  1  shows  a  section  of  a  Triassic,  planar  cross  bedded 
Aeolian  sandstone  from  Lochabriggs  near  Dumfries,  Scotland  where  a  typical  example  of 
stratification  pattern  is  observed.  We  address  the  longstanding  question  of  how  such  periodic 
patterns  are  generated  by  proposing  a  “table  top”  experiment.  The  experiment  reproduces 
the  successive  layers  of  fine  and  coarse  particles  observed  in  sedimentary  structures. 

{ii)  We  confirm  the  spatial  patterns  predicted  with  the  experiment  by  comparing  with 
real  rock  samples.  Figure  2a  shows  the  result  of  the  experiment.  The  size  segregation  into 
alternating  layers  is  quite  similar  to  that  found  in  the  geological  sample  and  in  stratigraphic 
records.  We  note  two  features:  (a)  Alternation.  We  clearly  see  the  formation  of  alternat¬ 
ing  layers  consisting  of  small  and  large  particles.  (6)  Segregation.  We  observe  that  the 
layers  are  built  up  in  such  a  way  that  small  particles  are  segregated  in  layers  near  the  top 
of  the  slip-face,  while  larger  particles  form  layers  near  the  substrate  at  the  bottom. 

(in')  We  propose  a  physical  explanation  of  the  process  involved.  A  numerical  computer 
model  of  sand  dune  dynamics  is  developed  that  confirms  the  plausibility  of  the  physical 
mechanism  (Fig.  2b). 

(iv)  We  quantify  the  spatial  correlations  in  rocks.  Permeability  in  sandstone  can  change 
by  many  orders  of  magnitude  over  very  short  distances.  Not  only  are  there  large  fluctuations 
in  permeability  but  the  permeability  can  exhibit  strong  anisotropy.  Deriving  methods  to 
describe  these  spatial  patterns  is  a  major  challenge.  Both  the  efficient  recovery  of  hydrocar¬ 
bon  and  contaminant  dispersal  and  control  in  ground  water  is  affected  by  the  understanding 
of  such  spatial  patterns.  Traditionally  these  patterns  have  been  modeled  with  a  finite  range 
correlation  scale.  We  analyze  a  detailed  permeability  map  and  show  that  the  data  are 
consistent  with  a  long-range  correlation  model. 
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Figure  1:  Permeability  map  of  the  Lochahriggs  sample. 


a) 


Figure  2:  a)  Photograph  of  the  experimental  sandpile  showing  the  periodic  layers, 
b)  Image  obtained  with  the  proposed  sandpile  model 
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ROCK  SLAB  DATA 


The  Aeolian  sandstone  shown  in  Fig.  1  was  formed  by  windblown  sand  [1].  A  small  sand 
accumulation  (sand  bar  or  dune)  is  formed  as  the  unidirectional  wind  moves  material  along 
the  bed.  As  the  wind  continues,  sand  is  moved  from  the  upstream  side  of  the  dune  to 
the  crest  of  the  dune,  and  the  slope  of  the  sand  bar  become  steeper.  When  the  initial 
dune  reaches  a  critical  angle  or  slope,  a  downstream  slip-face  is  developed  where  avalanches 
of  sand  begins.  After  this,  new  material  is  brought  to  the  top  of  the  dune  until  another 
avalanche  occurs.  The  evidence  of  such  sedimentary  process  can  be  traced  in  the  layered 
structure  of  the  Lochabriggs  sample  of  Fig.  1. 

EXPERIMENT 

To  understand  the  origin  of  the  layering  segregation  we  begin  by  developing  the  following 
“table-top”  experiment  [7].  The  experimental  setup  consists  of  a  vertical  Hele-Shaw  [8]  cell 
with  a  gap  of  5mm  separating  two  transparent  plates  of  300mm  by  200mm  (see  Fig.  2a). 
We  close  the  left  edge  of  the  cell  leaving  the  right  edge  free,  and  we  pour,  next  to  the  left 
edge,  an  equal-volume  mixture  of  white  fine  silica  sand  (typical  size  0.4mm)  and  dark  coarse 
sugar  crystals  (typical  size  0.9mm).  We  choose  this  quasi-two-dimensional  geometry  since 
the  actual  geological  system  is  translationally  invariant  along  the  transverse  direction  (due 
to  the  unidirectional  flow  of  sand). 

Figure  2a  shows  the  result  of  the  experiment.  We  note  the  two  main  features:  (a) 
Alternation,  and  (6)  Segregation. 

PROCESS  MODEL  AND  NUMERICAL  COMPUTER  MODEL 

The  main  physical  mechanism  responsible  for  the  formation  of  the  layers  appears  to  be 
related  to  the  segregation  effect  and  also  to  the  existence  of  two  critical  angles  controlling 
the  avalanche  process  [7].  Indeed,  real  sandpiles  are  known  [9,  10,  11]  to  be  stable  until  the 
angle  of  the  sandpile  6  reaches  a  critical  maximum  angle  of  stability  0^.  When  6  >  0^,  the 
sandpile  produces  a  spontaneous  avalanche.  The  avalanche  stops  when  0  decreases  below 
a  second  critical  angle  of  repose  9^.  The  oscillation  of  0  between  9^  and  9^  as  sand  is 
continually  added  produces  the  periodic  layers  observed  in  the  experiment,  and  presumably 
in  geological  data  as  well. 

In  order  to  test  the  plausibility  of  this  physical  mechanism,  we  next  develop  a  numerical 
sandpile  model  [7],  defined  in  a  semi-infinite  (I  +  l)-dimensional  lattice  corresponding  to 
the  experimental  setup.  Particles  of  two  different  sizes  are  initially  landed  near  the  left  edge 
of  the  semi-infinite  lattice.  The  dynamics  for  the  arriving  particles  proceed  according  to 
the  critical  angle  9^^  until  a  particle  reachs  the  substrate  for  first  time.  Then,  the  sandpile 
becomes  unstable,  and  it  relaxes  toward  the  repose  angle  9r  producing  an  avalanche  that 
stops  when  all  the  particles  reach  stable  positions  respect  to  9,..  Now  the  deposition  starts 
again,  and  the  above  process  is  iterated  until  a  large  sandpile  of  typically  10^  particles  has 
been  formed. 

Figure  2b  shows  the  resulting  morphology  of  the  model.  Different  colors  represent  differ¬ 
ent  particle  size,  being  white  for  the  smaller  particles  and  dark  for  the  larger  particles.  The 
size  segregation  into  alternating  layers  is  quite  similar  to  that  found  experimentally  (Fig. 
2a),  which  in  turn  is  reminiscent  of  the  stratification  structure  of  the  geological  Lochabriggs 
sample  (Fig.  1).  Thus  this  model  is  consistent  with  the  physical  mechanism  above  that 
the  relevant  ingredients  for  the  formation  of  the  layers  are  the  two  critical  angles  and  the 
segregation  effect. 
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Figure  3:  Percolation  at  the  critical  concentration,  a)  Correlated  case,  and  h) 
Uncorrelated  case. 

SPATIAL  CORRELATIONS  AND  CONNECTIVITY 

In  order  to  investigate  spatial  patterns  in  permeable  rocks  two  samples  were  used.  One  was 
the  aeolian  Lochabriggs  sample  shown  in  Fig.  1,  and  the  second  sample  was  a  Triassic, 
fluvial  trough  cross  bedded  sandstone  from  Hollington  near  Stafford  in  the  East  Midlands 
of  England.  It  is  clear  from  Fig.  1  that  permeability  varies  significantly  within  a  very 
short  scale,  but  also  that  there  is  a  strong  spatial  correlation.  The  permeability  is  not  an 
independent  random  process.  To  measure  the  spatial  correlations  in  the  permeability  we 
study  the  mean  square  fluctuations  as  a  function  of  the  lag  separation  between  points.  We 
find  that  for  both  set  of  data  the  correlations  are  well  described  by  a  power-law,  indicating 
the  existence  of  long-range  correlations  in  the  permeability  values  [12]. 

We  incorporate  these  properties  of  real  systems  into  the  framework  of  the  percolation 
problem  [13],  to  investigate  the  effects  that  this  has  on  the  various  quantities  of  interest, 
and  to  consider  the  consequent  implications. 

Imagine  an  oil  reservoir  made  from  a  river  system.  The  old  river  channels  represent 
good  sand  with  high  permeability.  The  other  rock  (shale)  has  poor  permeability.  Hence, 
for  many  purposes  it  can  be  modeled  by  a  conductor/insulator  or  percolation  system.  The 
sand  bodies  may  be  thought  of  as  some  shapes  distributed  in  space.  They  may  tend  to 
avoid  each  other  or  stack  next  to  each  other.  Fortunately  for  the  petroleum  industry,  they 
may  also  overlap,  so  it  is  possible  for  large  “clusters”  of  sand  bodies  to  exist. 

In  order  to  quantify  these  ideas,  we  consider  the  correlated  percolation  model  [14,  15, 
16,  17].  In  the  limit  where  correlations  are  so  small  as  to  be  negligible  a  site  in  the  square 
lattice  is  occupied  at  random  with  a  probability  p.  However,  the  fact  that  we  find  spatial 
correlations  in  the  rock  suggest  that  the  process  can  be  better  modeled  using  the  correlated 
percolation  model  where  each  site  is  not  independently  occupied,  but  is  occupied  with  a 
probability  that  depends  on  the  occupancy  of  the  neighborhood.  We  analyse  the  structural 
and  dynamic  properties  of  the  resulting  connected  structure.  It  is  worth  noting  that  the 
percolation  model  applies  not  only  to  the  scale  of  the  pore  structure  but  also  to  larger 
scales  such  as  the  lamination  scale.  For  both  the  discrete  (sand/shale)  and  continuous 
systems  (permeability),  it  is  important  to  know  how  long-range  correlations  influence  the 
macroscopic  connectivity  and  flow. 

The  impact  of  correlations  is  apparent  from  Fig.  3.  Figure  3a  is  for  conventional 
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Figure  4:  Fractal  dimension 


as  a  function  of  the  degree  of  correlations. 


uncorrelated  percolation,  and  Fig,  3b  is  for  percolation  with  long-range  scale-invariant 
correlations.  Both  figures  are  plotted  at  the  critical  concentration  p^.,  above  which  fluid  can 
flow  since  there  exists  an  “incipient  infinite  cluster”  that  forms  just  when  a  connected  path 
breaks  through.  The  occupancy  probability  corresponds  to  the  net  to  gross  or  volume 
fraction  of  good  sand  in  actual  sand  systems.  It  is  apparent  by  visual  inspection  that  the 
clustering  properties  for  the  two  cases  differ  dramatically.  For  example,  by  comparing  Figs. 
3a  and  3b,  we  see  that  the  clusters  are  much  larger  and  more  compact  in  the  case  of  long- 
range  correlations.  This  implies  that  there  are  fewer  dead-ends  and  hence  less  unswept 
oil.  Therefore,  the  recovery  percentage  increases  for  such  strongly  correlated  systems.  Our 
preliminary  results  indicate  an  increase  of  about  10%  in  the  recovery  percentage  of  correlated 
systems  in  comparison  with  uncorrelated  systems. 

Figure  4  shows  the  changes  with  the  correlation  exponent  7  of  the  fractal  dimension  of 
the  minimum  path,  d^i^i  (the  shortest  path  that  one  can  get  through  the  cluster  from  one 
to  the  other).  The  correlation  exponent  7  measures  the  degree  of  correlation  in  the  system, 
being  uncorrelated  for  7  =  2  and  strongly  correlated  for  7  =  0.  Again  we  see  a  striking 
dependence  of  this  property  upon  the  degree  of  correlations.  The  fractal  dimension  of  the 
minimum  path  approaches  one  (the  minimum  path  becomes  equal  to  the  Euclidian  distance 
between  the  points)  as  7  — >  0  (strong  correlations),  meaning  that  the  cluster  becomes  more 
compact  in  agreement  with  the  above  behavior.  The  fact  that  the  shortest  streamlines  are 
“straighter”  leads  to  shorter  breakthrough  times.  As  the  tortuosity  of  the  streamlines  is 
being  reduced,  we  expect  spreading  of  the  front  to  be  reduced  and  hence  better  recovery 
efficiency. 

Similar  analyses  have  been  performed  with  other  quantities  characterizing  the  connectiv¬ 
ity  properties  of  the  percolation  clusters.  For  example  we  find  that  the  critical  concentration 
Pc  increases  as  a  function  of  7.  Therefore  one  would  expect  better  overall  connectivity  at 
lower  net  to  gross  in  the  correlated  case  than  in  the  uncorrelated  case.  The  quantita¬ 
tive  changes  with  the  degree  of  correlations  indicate  the  errors  that  are  being  made  with 
currently-used  uncorrelated  models. 

CONCLUSIONS 

Spatial  patterns  in  permeable  rocks  exist  and  require  quantitative  methods  to  describe  them. 
In  the  particular  case  of  Aeolian  systems  (such  as  the  Lochabriggs  sample),  we  show  that 
the  observed  periodic  stratified  pattern  can  be  understood  with  a  “table  top”  experiment. 
We  propose  a  physical  explanation  for  the  formation  of  layers,  which  is  related  to  a  size 
segregation  effect  and  also  to  the  existence  of  two  critical  angles  controlling  the  avalanche 
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process.  Finally,  we  develop  a  stochastic  model  of  sand  dune  dynamics  that  confirms  the 
plausibility  of  this  physical  mechanism.  While  these  results  apply  only  to  aeolian  systems, 
the  finding  of  long-range  correlations  in  sandstone  appears  to  be  true  independent  of  the 
geological  process  involved.  For  the  two  samples  studied  so  far  it  has  been  shown  that  the 
correlations  can  be  well  modeled  using  a  power  law. 

These  spatial  patterns  have  very  great  consequences  for  prediction  of,  for  example,  hy¬ 
drocarbon  recovery  or  contaminant  transport  in  ground  water.  The  fact  that  there  exist 
long  range  correlations  implies  that  the  spread  in  contaminant  transport  might  be  much 
faster  than  would  be  predicted  from  a  short  range  correlation  model. 
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ABSTRACT 

We  present  a  simple  model  to  explain  anomalous  relaxation  in  random  porous  media.  The 
model,  based  on  the  properties  of  random  walks  on  a  disordered  structure,  is  able  to  describe 
essential  features  of  the  relaxation  process  in  terms  of  a  one  body  picture,  in  which  the  many 
body  effects  are  approximated  by  geometrical  restrictions  on  the  particles  diffusion.  Disorder  is 
considered  as  a  random  variable  (quenched  and  annealed)  taken  from  a  power-law  distribution 
Quantities  relevant  to  relaxation  phenomena,  such  as  the  characteristic  function  and  the 
particle  density  are  calculated.  Different  regimes  are  observed  as  a  function  of  the  disorder 
parameter  (i.  For  ^  >  1  the  relaxation  is  of  exponential  or  Debye  type,  and  turns  into  a 
stretched  exponential  as  decreases.  We  compare  numerical  predictions  (based  on  Monte  Carlo 
simulations)  with  experimental  data  from  porous  rocks  obtained  by  Nuclear  Magnetic  Resonance, 
and  numerical  data  from  other  disordered  systems. 

INTRODUCTION 

Anomalous  relaxation  has  been  observed  in  a  wide  variety  of  physical  systems.  Examples  are 
found  in  supercooled  liquids,  the  magnetization  relaxation  in  spin  glasses  and  porous  materials, 
the  viscoelastic  response  of  solids,  dielectric  relaxation  among  others  [1-3].  For  these  systems, 
the  relaxation  function  does  not  follow  the  normal  exponential  form,  and  is  usually  expressed 
in  terms  of  a  more  complicated  form  such  as  a  power-law,  a  stretched  exponential,  etc,.  Even 
though  these  systems  are  relatively  well  known  the  microscopic  mechanism  for  the  occurrence 
of  anomalous  relaxation  is  not  well  established. 

In  general,  relaxation  phenomena  are  consequence  of  many  body  effects  within  a  single 
system.  However,  some  of  their  features  can  be  described  in  terms  of  a  one-body  picture  by 
applying  geometrical  constraints  to  the  movement  of  the  particles,  i.e.,  the  motion  of  a  particle 
under  the  influence  of  many  body  effects  is  approximated  by  its  motion  in  a  restricted  geometry. 
In  the  one-body  picture,  the  relaxation  function  corresponds  to  the  characteristic  function  of  the 
position  vector. 

Here,  we  present  results  from  a  study  of  random  walks  on  a  regular  disordered  lattice  in 
one  and  two  dimensions.  The  motion  of  the  walkers  is  restricted  by  the  lattice’s  disorder. 
Disorder  is  considered  as  a  random  variable  taken  from  a  power-law  distribution  Its 

strength  is  measured  by  the  exponent  that  characterizes  the  tail  of  the  distribution  i.e.,  y,.  Two 
cases  are  treated,  one  with  quenched  variables  (frozen  on  the  lattice  sites)  and  the  other  with 
annealed  variables  which  are  allowed  to  change  with  time.  We  also  consider  the  relaxation  on  a 
structurally  disordered  lattice,  a  percolation  cluster  at  the  percolation  threshold.  Our  numerical 
results  demonstrate  that  the  restrictions  on  the  particles  motion  cause  anomalous  relaxation.  This 
claim  is  supported  by  the  measurement  of  several  quantities  related  to  the  relaxation  process. 
Our  expectation  is  that  the  model  studied  here,  will  shed  some  light  towards  the  understanding  of 
anomalous  relaxation.  The  model  may  be  used  as  a  simplified  approximation  to  describe  magnetic 
relaxation  phenomena  in  natural  porous  media.  The  conclusions  drawn  from  the  simulations  of 
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low  dimensional  systems  are  qualitatively  observed  in  Nuclear  Magnetic  Resonance  (NMR) 
experiments  done  in  sedimentary  consolidated  porous  rocks. 


MODEL  AND  SIMULATIONS 


Inside  a  porous  medium  a  particle  can  not  move  as  it  pleases  since  there  are  geometrical 
restrictions  associated  with  the  porous  structure.  Normally,  the  particle  gets  temporarily  trapped 
in  poorly  connected  regions,  causing  a  slow  down  of  its  spreading  in  it,  an  effect  known  as 
subdiffusion.  Here,  we  consider  the  relaxation  of  a  localized  signal  on  a  disordered  structure. 
This  signal,  which  in  the  NMR  experiment  is  the  initial  magnetization  of  the  nuclear  spins  aligned 
with  the  magnetic  field,  is  described  by  a  random  particle  (walker)  released  at  a  given  point  on 
a  lattice  and  then  allowed  to  spread  on  the  structure.  The  geometrical  constraints  that  affect 
the  motion  of  the  random  walker  are  expressed  in  terms  of  a  “disorder”  variable  which  is 
taken  from  a  power-law  distribution  We  consider  0  <  //  <  1.  In  this  case,  the  disorder 

variables  are  in  the  range  0  <  ^  <  1,  and  as  //  decreases,  the  distribution  becomes  more  singular 
towards  zero.  It  has  been  shown  [4]  that  in  this  range,  a  random  walker  on  such  a  structure 
displays  anomalous  diffusion. 

Starting  at  a  given  site  on  the  lattice,  a  walker  is  released  and  allowed  to  move  if  a  random 
number  (drawn  from  a  uniform  distribution)  is  smaller  than  the  value  of  the  disorder  variable 
attached  to  its  site.  It  moves  to  one  of  its  nearest  neighbors  with  equal  probability.  Two  cases 
are  considered  for  the  disorder  random  variables,  a  quenched  situation  and  the  annealed.  In  the 
quenched  case,  the  variables  are  frozen  on  the  lattice  while  the  walker  moves  around,  whereas  for 
the  annealed  case,  each  disorder  variable  is  updated  at  each  unit  of  time  when  the  walker  attempts 
to  move.  A  sampling  over  many  disorder  configurations  is  done,  typically  for  10^  realizations. 
We  consider  lattices  in  one  and  two  dimensions,  for  particles  motion  up  to  2^®  time  steps,  and 
system  sizes  big  enough  to  avoid  situations  where  the  random  walker  reaches  the  boundaries. 

The  transport  on  a  fractal  structure  in  d  =  2  is  also  considered.  Here,  the  relaxation  process 
occurs  on  a  spanning  percolation  cluster,  near  the  percolation  threshold.  A  site  is  randomly 
chosen  on  each  percolating  system,  and  the  walker  is  released  from  it.  At  each  unit  of  time, 
we  allow  the  walker  to  move  on  the  structure  with  equal  probability  to  a  nearest  neighbor  site, 
and  measure  its  relaxation  properties.  Percolation  spanning  clusters  generated  on  a  400  x  400 
lattice  were  used.  In  the  simulations,  averages  over  20  different  cluster  realizations  and  10^ 
samples  were  taken. 

For  all  the  cases,  we  measure  the  position  of  the  particles  as  a  function  of  time.  From  this 
information  we  calculate  the  relaxation  function,  F(k,t),  which  is  the  characteristic  function  of 
the  random  variable  r(t)  -  r(0),  i.e., 

F(k,t)  =<  >, 

where  k  is  the  wave  vector  (for  the  2D  lattice  it  is  chosen  as  k  =  (1, 1)  i.e.,  along  the  main 
diagonal  of  the  lattice),  r  is  the  particle’s  position  vector,  and  the  angular  brackets  denote  the 
sample  average.  Other  quantities  which  are  calculated  are:  the  mean  squared  displacement, 
a  factor  that  measures  the  deviation  of  the  distribution  from  a  gaussian,  here  called  the  non- 
gaussian  parameter  NGP,  defined  as: 


NGP  = 


<(r(t)-r(0))*> 
2  <  (r(t)  -  fl(0)f  > 


1, 
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and  the  Probability  density  function  P(r,  t).  These  quantities  are  compared  with  their  correspond¬ 
ing  counterparts  calculated  for  transport  on  a  regular  non-disordered  structure. 

RESULTS 

In  Figure  1  it  is  shown  the  time  dependence  of  the  relaxation  function,  F(k,t),  for  a 
disordered  lattice  in  one  and  two  dimensions.  The  curves  are  for  the  case  of  quenched  and 
annealed  disorder  as  indicated.  The  corresponding  curve  for  the  relaxation  on  a  non-disordered 
lattice  is  shown  for  comparison.  For  the  three  curves,  k  (the  magnitude  of  the  wave  vector)  is 
fixed  to  k  =  ll7r/250.  It  is  clear  from  the  figure  that  for  a  fixed  value  of  the  wave  number  k,  the 
faster  decay  corresponds  to  Debye  relaxation  i.e.,  for  a  non-disordered  lattice.  For  the  disordered 
case,  the  decay  is  faster  when  the  variables  are  annealed  for  the  same  value  of  the  exponent  fx. 
We  find  the  following  tendencies  for  the  case  of  quenched  and  annealed  disorder: 

a.  Faster  decay  of  F(k,t)  for  ^  fixed  and  increasing  wave  number  value. 

b.  Faster  decay  of  F(k,  t)  for  k  fixed  and  increasing  y,  value  (less  strong  disorder). 

Figure  2  shows  the  effect  of  the  strength  of  quenched  disorder  on  a  lattice  in  one  and  two 
dimensions.  It  is  seen  that  as  ^  increases  (disorder  gets  weaker)  F(k,t)  decays  faster.  The  same 
tendency  is  observed  for  the  annealed  case.  For  the  same  values,  the  effect  is  stronger  for 
quenched  disorder  on  ID  ans  2D  lattices. 
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Figure  1.  Decay  of  relaxation  function  F(k,t)  for  ID  and  2D  lattices  with  quenched  (Q)  and 
annealed  (A)  disorder  for  y,  =  0.5.  Also  shown  F(k,t)  for  a  lattice  without  disorder  (R). 

In  terms  of  the  relaxation  time  r  (calculated  as  the  value  of  time  at  which  F(k,  t)  decays 
to  a  factor  1/e)  we  find  a  power  law  dependence  with  the  wave  number  value,  i.e.,  r  ~  k"”’^. 
The  exponent  7  being  a  function  of  y  for  quenched  disorder.  7  increases  as  y  decreases.  For 
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the  annealed  case  7  =  2,  as  for  regular  transport  (normal  relaxation).  In  Table  1,  we  show  the 
values  of  exponent  7  as  a  function  of  the  disorder  exponent  /i,  for  the  case  of  quenched  and 
annealed  disorder  on  2D  lattice. 

With  relation  to  the  probability  density,  we  found  an  interesting  parameter  (called  NGP) 
that  allows  to  measure  the  deviations  of  the  distribution  function  from  a  gaussian  form.  For 
the  non-disordered  lattice  the  probability  density  is  a  gaussian,  therefore  the  NGP  parameter  is 
zero  (See  Fig.3).  On  the  other  hand,  as  we  increase  the  strength  of  disorder  (by  effectively 
reducing  the  value  of  //),  the  NGP  increases  monotonically  while  being  almost  constant  with 
time,  moving  away  from  zero. 

Our  results  for  the  relaxation  process  on  the  2D  percolation  cluster  are  similar  to  those  of 
Ref.  2.  The  relaxation  function  F(k,t),  is  well  fitted  to  a  stretched  exponential  function  for 
small  k  values,  and  as  k  increases  it  changes  to  a  Cole-Cole  form  [1] 


Quenched 


Figure  2.  Decay  of  relaxation  function  F(k,t)  for  quenched  disorder  on  a  ID  and  2D  lattice, 
fj.  measures  the  strength  of  disorder.  All  curves  are  for  k  =  ll7r/250. 

Using  the  pulsed  NMR  technique  [5],  the  magnetic  relaxation  of  water  was  measured  on 
a  set  of  sedimentary  consolidated  porous  rocks  of  various  permeability  values.  The  ^ta  can 
not  be  fitted  to  an  exponential  form  but  to  a  stretched  exponential  F(t)  =  exp  [-(t/r)  J .  The 
exponent  ^  is  found  to  monotonically  increase  with  the  width  of  the  distribution  of  pore  sizes, 
which  can  be  considered  as  a  disorder  indicator,  ^  values  are  in  the  range  0.51  <  ^  <  0.89. 
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CONCLUSIONS 

In  summary,  we  have  found  that  anomalous  relaxation  could  be  modeled  by  diffusive  effects 
in  a  restricted  geometry.  A  simple  model  based  on  the  motion  of  random  walkers  on  a  disordered 
structure  is  able  to  describe  anomalous  relaxation,  which  has  been  observed  in  experiments.  Thus, 
a  one-body  picture  is  able  to  reproduce  the  essential  features  of  the  relaxation  process. 

The  relaxation  time  r,  obtained  from  the  relaxation  function  F(k,t)  has  a  power  law 
dependence  on  the  magnitude  of  the  wave  number  k.  For  the  quenched  case,  the  exponent 
of  this  power-law  form  depends  on  the  strength  of  disorder  (here  measured  by  the  value  of  y), 
whereas  for  the  annealed  case  it  is  rather  insensitive.  Its  value  is  the  same  as  for  transport  on  a 
lattice  without  disorder.  For  /z  >  1  the  relaxation  becomes  of  Debye  form;  namely  F(k,t)  is  well 
fitted  by  an  exponential  function  and  the  complex  susceptibility  have  the  typical  1/(1  -  ia;T) 
form.  Scaling  laws  for  these  quantities  are  also  found  to  exist.  Our  results  for  the  relaxation 
process  on  a  spanning  percolation  cluster  are  similar  to  those  reported  in  Ref.  2. 

The  simple  model  presented  here  describes  qualitatively  the  magnetic  relaxation  process 
observed  in  fully  saturated  consolidated  porous  rocks  for  small  wave  numbers. 
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Figure  3.  Time  dependence  of  non-gaussian  parameter  (NGP)  for  quenched  disorder  on  a  2D 
lattice.  Different  curves  are  for  y  =  0.4  (□);  0.6  (o);  0.8  (a);  1.0  (-1-).  Bottom  curve  (x) 
corresponds  to  a  lattice  without  disorder. 
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Table  1.  Exponent  of  relaxation  time  r  vs  k,  r  ~  k 


Disorder  Strength 

Quenched 

Annealed 

7 

7 

0.4 

3.40±0.02 

2.00+0.02 

0.5 

2.96+0.02 

2.00+0.02 

0.6 

2.73+0.02 

2.00+0.02 

0.7 

2.50±0.02 

2.00+0.02 

0.8 

2.38+0.02 

2.00+0.02 
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Part  II 

Colloids 


INTERACTION  OF  DILUTE  COLLOIDAL  PARTICLES  IN  A  MIXED  SOLVENT 
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Department  of  Physics  and  Astronomy,  University  of  Pittsburgh,  Pittsburgh,  Pennsylvania  15260 


INTRODUCTION 


Colloidal  particles  in  mbced  solvents  can  show  reversible  aggregation  in  the  one-phase  regime 
of  the  mixture  near  the  mixture's  phase  separation  temperature  [1-5].  This  aggregation  condition 
has  been  shown  to  be  related  to  the  affinity  of  the  colloidal  surfaces  for  one  of  the  solvent 
components.  In  particular,  for  a  2,6  lutidine  plus  water  (LW)  mixture  with  colloidally  dispersed 
polystyrene  latex  spheres  (PLS)  in  a  temperature  range  near  the  critical  temperature,  Tc ,  in  the 
mixture's  two-phase  region,  the  particles  will  partition  into  one  of  the  solvent  phases,  with  the 
meniscus  between  the  liquid  phases  clear  to  the  eye  and  showing  no  sign  of  population  by 
colloidal  particles.  Which  phase  of  the  solvent  attracts  the  particles  depends  on  the  surface  charge 
density  of  the  particles,  with  high  surface  charge  density  particles  preferring  the  water-rich  phase 
and  low  charge  density  particles  preferring  the  lutidine  rich  phase.  As  temperature  is  advanced 
deeper  into  the  two-phase  region  (all  effects  discussed  here  are  equilibrium  effects),  there  is  a 
temperature,  Tw,  at  which  particles  appear  on  the  meniscus  (most  particles  remain  in  the  preferred 
phase,  whose  population  depletion  is  too  small  to  measure).  Tw  changes  with  the  surface  charge 
density  of  the  particles  [4],  but  not  with  radius  or  with  number  density  of  the  particles  in  the 
sample.  The  aggregation  observed  in  the  one-phase  region  [5]  is  then  restricted  to  the  side  of  the 
solvent's  coexistence  curve  poor  in  the  component  which  is  rich  in  the  partitioning-favored  phase. 

In  this  paper  we  present  a  measurement  of  the  second  virial  coefficient  for  the  interaction  of 
very  dilute  colloidal  particles  deep  in  the  one-phase  region  of  the  solvent,  at  temperatures  ranging 
from  very  far  from  the  point  of  onset  of  aggregation  where  the  particle-particle  interaction  is 
clearly  repulsive  to  near  the  temperature  at  which  aggregation  first  appears. 


EXPERIMENT  AND  RESULTS 


Dilute  suspensions  of  well-characterized,  monodisperse  PLS  [6]  in  near-critical  mixtures  of 
LW  were  studied.  PLS  was  prepared  using  a  surfactant-free  emulsion-polymerization  technique, 
where  stabilization  against  aggregation  is  provided  by  a  net  surface  charge  density  of  several 
jaC/cm^  sulfonated  end  groups  preferentially  located  on  the  surface  of  the  sphere. (We  use  surface 
charge  density  as  measured  by  titration  as  a  measure  of  sulfonic  groups  available  on  the  surface 
for  solvation.  The  actual  surface  charge  density  should  depend  on  the  local  solvent  composition 
near  the  particle  surface  and  has  not  been  measured  in  this  experiment). 

In  our  earlier  work  [4,5]  we  measured  the  onset  of  the  aggregation  zone,  T,.  Figure  1  shows 
the  results  of  those  measurements  for  PLS  particles  of  several  surface  charge  densities,  as  well  as 
the  measured  phase  separation  temperature,  Tp*,  at  each  of  the  solvent  compositions  used  (at  each 
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point  in  Figure  1  when  the  T,  and  Tp,  symbols  overlap,  no  aggregation  was  observed).  In  this 
work  we  used  two  different  dilute  suspensions  of  PLS;  one  of  the  diameter  d  =  0.345  [xm  with 
surface  charge  density  a  =  0.33  |aC/cm^  and  the  other  d  =  0.555  |im  with  surface  charge  density  a 
=  5.70  |iC/cm^ . 


Figure  1 :  Measured  difference  of  phase  separation  temperature,  Tp*,  and  aggregation  temperature, 
Ta ,  from  the  critical  temperature,  Tc,  vs  solvent  composition,  cl.  Also  shown  are  the  coexistence 
curve  (solid  line),  the  aggregation  curve,  (dashed  line,  drawn  to  guide  the  eye)  and  expected 
complete  wetting  region.  Particle  types  are;  left,  d  =  0.371  |im,  a  =  0.38  |j.C/cm^  middle,  d  = 
0.378  M,m,  a  =  3.85  p,C/cm^;  right,  d  =  0.555  pirn,  a  =  5.70  jiC/cm^. 

Static  light  scattering  was  measured  as  a  function  of  wavenumber  and  number  density  of 
colloidal  particles  at  each  of  a  variety  of  temperatures  for  each  of  the  two  solvent  compositions. 
While  identical  aggregation  behavior  was  observed  over  the  full  range  of  colloidal  particle  number 
density,  the  most  reliable  light  scattering  results  were  obtained  for  colloid  particle  volume 
fractions  reported  for  each  sample.  Below  these  concentrations  the  colloidal-particle  light 
scattering  signal  becomes  too  weak  for  accurate  separation  from  the  solvent-fluctuation  signal, 
and  far  above  this  concentration  multiple  scattering  poses  a  problem.  Accordingly  the  quantitative 
results  presented  below  were  all  obtained  in  the  range  favorable  to  light  scattering.  In  addition, 
measurements  were  made  at  one  temperature  for  a  series  of  samples  of  varying  colloidal  particle 
density  in  pure  water  for  purposes  of  calibration. 

The  colloidal  particle  radius  was  chosen  large  enough  that  it  was  much  larger  than  the 
correlation  length  for  solvent  fluctuations  throughout  the  range  of  our  measurements.  It  was  then 
possible  to  subtract  the  essentially  flat  Lorentzian  background  scattering  from  solvent  fluctuations 
and  treat  the  remaining  scattering  as  pure  colloidal  particle  scattering. 


lex  (6)  =  Is  (solution)  - 1,  (solvent) 


(1) 
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This  colloidal  scattering,  I^x  (6)  could  then  be  written  as 


i„(e)=NS(e)P(0)  (2) 

where  P(e)  is  the  form  factor  for  scattering  of  a  beam  of  intensity  lo  from  an  isolated  colloidal 
particle,  S(0)  is  the  structure  factor  which  carries  all  the  information  about  correlations  among 
colloidal  particles,  and  N  is  the  number  density  of  colloidal  particles. 

For  spherical  particles  of  radius  R  [7] 


p{e)  = 


rrP-\\ 

9^V 


^  9(sinx-xcosxy 

•4 


(3) 


with 


X  = 


ArtRn 

X 


sin(^/2) 


(4) 


where  n  is  the  refractive  index  of  the  solvent,  m  is  the  relative  refractive  index  of  the  particles,  \  is 
the  wavelength  of  the  light  used  in  vacuo  and  lo  is  the  incoming  light  intensity.  In  the  present  case, 
m<  1 . 14,  4  7C  R/  X  =  5.5,  and  this  places  the  present  results  in  the  range  [8]  where  the  Rayleigh- 
Gans-Debye  approximation  of  Equation  3  should  be  correct  to  better  than  10  %. 

Figure  2  shows  a  Zimm  plot  for  a  typical  case.  In  the  Zimm  analysis  using  a  Guinier 
approximation  the  form  factor  is  approximated  as  a  straight  line,  but  as  our  particles  are  large  we 
have  to  use  the  full  expression  for  the  form  factor  given  in  Equation  3  which  results  in  the  fit 
shown  in  Figure  2.  This  fit  allows  us  to  extract  the  structure  factor  S(q)  from  the  measured 
intensities  1(0)  where  q  =  (4  7i  n  /  >.)  sin(0/2)  is  the  wavenumber  of  the  scattering.  The  problem 
remains  to  extrapolate  S(q)  to  determine  S(0).  In  this  experiment  we  have  the  advantage  that  we 
are  performing  our  measurements  at  extraordinarily  small  values  of  the  colloidal  particle  number 
density,  such  small  values  that  reasonable  estimates  of  the  q  dependence  of  the  structure  factor  in 
the  region  of  the  first  form  factor  maximum  have  their  first  q-dependent  terms  of  order  10'^  times 
the  constant  term  which  represents  the  value  of  the  structure  factor  at  zero  wavenumber.  This 
approximately  flat  expected  structure  factor  is  quite  consistent  with  our  observations.  We  do  not 
understand  the  origin  of  the  simultaneous  appearance  of  the  very  small  q-dependence  exhibited 
by  the  data  and  the  very  large  N-dependence  presented  below.  The  effect  is,  however,  very 
reproducible. 

The  scattered  light  intensity  at  0  =  0°  is  only  a  function  of  the  number  density  of  the  particles 
and  the  structure  factor  S(0),  i.e.. 


I„(0)  =  NS(0)K 


(5) 
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Figure  2;  Measured  variation  K  N  / 1(0)  of  as  a  function  of  colloidal  number  density  plus  the 
scattering  angle  (Zimm  plot)  at  jT-TcocxI  =  2.80  K  and  Cl  =  0.35,  where  K  =  P(0).  The  lines  drawn 
through  the  data  are  fits  to  the  full  form  of  the  form  factor.  The  extrapolations  of  these  fits  to  0  = 
0°  are  shown  by  the  solid  diamonds. 

where  K  =  P(0).  We  can  also  rewrite  this  equation  in  a  more  useful  form  as 


1  ^  KN 


(6) 


In  the  dilute  colloid  limit  where  the  colloidal  particles  might  be  expected  to  approach  ideal 
gas  behavior,  the  density  expansion  of  the  zero-wavenumber-limit  of  the  structure  factor  can 
meaningfully  be  truncated  to  retain  only  the  first  term  correcting  the  ideal  gas  approximation,  the 
term  containing  B2,  the  second  virial  coefficient 


1  ,  INB, 

m  at. 


(7) 


where  Na  is  Avogadro's  number  and 
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K_U{ry  '\ 

\-e  /*^Jr"dr 


(8) 


where  r  is  the  distance  between  the  particles  and  U(r)  is  the  interaction  potential. 

Figure  3  shows  measured  virial  coefficients  for  the  high  surface  charge  density  PLS  (a  =  5.70 
tiC/cm^)  on  the  aggregating  side  of  the  aggregation  curve  as  a  function  of  absolute  temperature 
difference  from  the  coexistence  temperature  for  that  solvent  composition.  In  addition,  a  horizontal 
line  shows  the  value  of  the  measured  virial  coefficient  for  the  pure  water  sample. 

The  magnitude  of  the  virial  coefficient  deep  in  the  repulsive  regime  is  very  large.  If  one 
naively  modeled  the  particles  as  hard  spheres,  this  magnitude  would  correspond  to  a  hard  sphere 
radius  of  R  =  4.2  pm,  roughly  ten  times  the  radius  of  the  particles  and  comparable  to  the  average 
interparticle  spacing.  A  hard  sphere  model  with  a  repulsive-core  radius  of  two  particle  radii  (0.6 
pm)  should  be  plausible  in  this  case,  since  no  reasonable  estimate  of  the  Debye  screening  length 
allows  that  length  to  be  comparable  to  the  colloidal  particle  size.  Using  the  published  electrolytic 
dissociation  constant  for  2,6-lutidine  [9],  in  our  earlier  paper  we  estimated  the  Debye  screening 
length  to  be  7-10  nm  [5].  This  large-apparent-radius  effect  has  been  measured  by  Philipse  and  Vrij 
in  a  different  system  and  treated  with  a  speculation  that  the  spheres  interact  significantly  over 
distances  of  several  radii  [10].  Similarly,  Thirumalai  [11]  found  a  need  to  set  the  effective  hard 
sphere  radius  of  colloidal  particles  to  the  mean  interparticle  distance  in  his  calculations  in  order  to 
explain  colloidal  crystallization  at  observed  volume  fractions. 

The  measured  virial  coefficients  for  the  same  PLS  on  the  critical  trajectory  (cl  =  0.287)  are 
shown  on  Figure  4.  We  have  never  observed  aggregation  on  the  critical  trajectory  in  any  of  our 
earlier  measurements.  However,  the  virial  coefficients  show  somewhat  similar  behavior  to  that 
seen  for  the  aggregating  sample  in  Figure  3,  with  smaller  magnitudes  in  the  apparently  attractive 
region  (and  somewhat  larger  uncertainties  near  Tc,  as  critical  opalescence  forces  a  larger 
subtraction  for  solvent  composition  fluctuations  in  the  data  analysis). 

The  behavior  of  the  virial  coefficient  on  the  non-aggregating  side  of  the  coexistence  curve  can 
be  seen  in  Figure  5.  The  virial  coefficient  shows  no  decrease  as  the  temperature  approaches  the 
coexistence  curve  until  the  temperature  is  brought  within  IK  of  Tc,  and  even  near  Tc  the 
observed  negative  values  of  the  virial  coefficient  are  compatible  with  zero  (no  interaction)  or  even 
a  slightly  repulsive  interaction,  and  in  any  case  are  much  smaller  in  magnitude  than  in  the  previous 
two  cases. 

As  was  noted  above,  in  our  earlier  measurements  we  observed  that  the  low  surface  charge 
density  PLS  (a  =  0.33  tiCW  )  aggregate  on  the  lutidine-rich-side  of  the  coexistence  curve. 
Figure  6  shows  the  result  of  the  virial  coefficient  measurements  on  the  aggregating  side  for  these 
low  surface  charge  density  spheres.  The  behavior  is  quite  similar  to  the  high  surface  charge 
density  spheres  on  their  aggregating  side  of  the  coexistence  curve,  with  the  attractive  region 
confined  to  a  narrower  temperature  zone  but  with  a  large  magnitude  virial  coefficient  in  this  zone. 
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Figure  3:  Temperature  dependence  of  the  measured  second  virial  coefficient  for  a  =  5.70  jiC/cm^ 
at  Cl  =  0.35.  The  horizontal  dotted  line  shows  the  value  of  the  measured  virial  coefficient  for  the 
pure-water  calibration  samples.  The  arrow  indicates  the  temperature,  Ta,  at  which  aggregation 
sets  in. 


Figure  4:  Temperature  dependence  of  the  measured  second  virial  coefficient  for  a  =  5.70  /i  C/cm^ 
at  Cl  =  0.287  (critical). 
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Figure  5:  Temperature  dependence  of  the  measured  second  virial  coefficient  for  c  -  5.70  ^iC/cm^ 
at  cl  =  0.224  . 


CONCLUSIONS 


We  have  measured  second  virial  coefficients  for  very  dilute  colloidal  dispersions  of  charge- 
stabilized  polystyrene  latex  spheres  in  the  one-phase  region  of  the  mixed  solvent  2,6-lutidine  plus 
water.  These  measurements  were  made  as  a  function  of  temperature  for  PLS  of  two  different 
surface  charge  density  and  various  solvent  compositions.  The  temperature  ranges  started  deep  in 
the  one-phase  region  and  approached  the  coexistence  curve.  Far  from  the  coexistence  curve,  all  of 
the  systems  showed  similar  behavior,  the  virial  coefficients  are  large  and  positive,  indicating 
significant  repulsion  at  much  longer  range  than  would  be  expected  from  the  known  particle 
diameter  and  any  reasonable  estimate  of  the  Debye  screening  length.  As  the  temperature  is 
brought  nearer,  but  definitely  not  into,  the  aggregation  zone,  on  the  aggregating  side  of  the 
coexistence  curve  and  on  the  critical  trajectory,  the  virial  coefficient  plunges  through  zero  to  large 
negative  (attractive  interaction)  values,  whereas  on  the  nonaggregating  side  the  virial  coefficient 
remains  positive  until  the  coexistence  curve  is  nearly  reached.  It  is  difficult  to  model  ffie 
interactions  in  terms  of  known  particle  properties  because  the  long  range  of  the  repulsive 
interactions  is  difficult  to  explain.  Crude  modeling  suggests  that  the  observed  changes  in  the 
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Figure  6:  Temperature  dependence  of  the  measured  second  virial  coefficient  for  a  =  0.33  |iC/cm^ 
at  Cl  =  0.250  . 


interactions  are  not  inconsistent  with  a  temperature  dependent  attraction  arising  from  adsorption 
layer  energetics  operating  at  distances  of  a  few  solvent-fluctuation-correlation-lengths  from  the 
particle  surfaces.  Since  all  samples  show  at  least  a  weakening  of  repulsion  near  the  solvent 
coexistence  curve,  the  confinement  of  the  observed  reversible  aggregation  should  be 
understandable  as  arising  from  the  magnitude  of  the  solvent  attraction  effects  and  not  from  any 
abrupt  change  in  kind.  It  is  plausible  that  long-standing  work  on  attractions  of  walls  across  mixed 
solvent  [12,13]  and  recent  work  on  interactions  of  polymer  brushes  with  mixed  solvents  [14] 
could  be  adapted  to  shed  light  on  these  colloidal-particle  interactions  if  the  unexpected  repulsive 
effects  can  be  separated  out  of  the  problem. 
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ABSTRACT 

Dissipative  particle  dynamics  is  essentially  a  coarse-grained  molecular  dynamic  simula¬ 
tion  technique  that  captures  the  essential  physics  with  considerably  less  computer  effort. 
We  have  given  a  sound  theoretical  foundation  to  the  technique  with  respect  to  the  equilib¬ 
rium  and  hydrodynamic  properties.  In  this  paper  we  further  explore  the  connection  of  the 
model  parameters  of  DPD  with  the  underlying  microscopic  dynamics  for  the  case  of  a  simple 
model  of  a  solid.  This  provides  some  insight  into  the  difficulties  of  interpretation  of  DPD 
simulations. 

INTRODUCTION 

The  simulation  of  colloidal  suspensions  with  molecular  dynamics  techniques  requires  a 
large  number  of  particles  in  order  to  capture  the  hydrodynamic  behaviour  that  is  essential  in 
the  dynamic  of  these  systems.  There  have  been  several  attemps  to  simulate  hydrodynamic 
flows  with  purelly  MD  algorithms  [3]- [6],  and  the  results  are  deceptive  from  the  computa¬ 
tional  burden  point  of  view.  For  this  reason,  faster,  more  efficient  algorithms  have  been 
proposed  that  capture  the  hydrodynamic  collective  behaviour  at  lower  computational  cost. 
In  particular,  lattice  gas  (LG)  cellular  automata  [7]  and  lattice  Boltzmann  (LB)  dynamics 
[8]  have  proven  to  be  useful  tools  in  studying  complex  flows. 

Another  technique  that  has  been  recently  proposed  by  Hoogerbrugge  and  Koelman  is 
Dissipative  Particle  Dynamics  (DPD)[1],[2].  This  technique  is  essentially  a  molecular  dy¬ 
namics  of  point  particles  that  interact  through  pair-wise  conservative  forces  and  pair-wise 
Brownian  dashpots.  The  point  particles  are  interpreted  not  as  molecules  of  a  fluid  but  rather 
as  clusters  or  “droplets”  of  fluid.  DPD  thus  represents  a  coarse-graining  of  MD.  One  expects 
that  this  coarse  graining  implies  that  the  droplets  move  more  hydrodynamically  than  the 
molecules  in  an  MD  simulation,  this  is,  the  collective  motion  is  better  represented  with  the 
dissipative  particles.  A  small  number  of  particles  already  exhibit  hydrodynamic  behaviour, 
thus  reducing  the  computational  efford. 

The  main  advantadge  of  DPD  over  LG  or  LB  simulations  is  that  it  is  an  off-lattice 
technique.  The  lattice  in  LG/LB  may  induce  spurious  dynamics  (due  to  the  absence  of 
perfect  isotropy  and,  in  LG,  Galilean  invariance).  Although  some  of  the  problems  can  be 
eliminated  with  convenient  lattices  and  rescaling  of  velocities,  the  problems  show  up  in 
more  severe  forms  when  dealing  with  complex  flows  in  complex  boundaries  as  in  immiscible 
mixtures  or  colloidal  suspension.  Also  the  lattice  makes  it  difficult  to  deal  with  the  forcing 
boundary  conditions  required  for  sheared  or  extensional  flows. 

Recently,  we  have  provided  a  theoretical  foundation  for  DPD,  clarifying  the  role  of  tem¬ 
perature  [9]  and  the  connection  between  the  model  parameters  and  the  speed  of  sound  and 
viscosity  characterizing  the  hydrodynamic  behaviour  of  the  system  [10].  However,  there  is 
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still  a  link  missing  in  the  relationship  between  the  different  levels  of  description  involved. 
The  missing  link  is  how  the  DPD  model  parameters  relate  to  the  underlying  microscopic 
system  (MD)  for  which  supposedly  DPD  is  a  coarse  graining. 

Here  we  present  a  derivation  from  first  principles  of  DPD  starting  from  the  microscopic 
dynamics  for  the  case  of  a  simple  model  system,  the  ID  harmonic  chain  (the  simplest  model 
for  a  solid). 

EQUILIBRIUM  AND  HYDRODYNAMIC  PROPERTIES 


The  appropriate  stochastic  differential  equations  (SDE)  describing  DPD  are  [9] 


dxi  =  —dt 

rrii 


dp,  = 


Y.  Fg(ry)  +  Y  -7^{ni)(ey  -vy  )e,^- 


dt^Y  (^^^^‘^(rij)eijdWij 


(1) 


where  r^,pi  are  the  position  and  momentum  of  particle  z,  rrii  is  its  mass,  is  the  conser¬ 
vative  force  between  particles  i,j,  uj{r)  is  a  weight  function  defining  the  range  of  dissipative 
interaction,  7  is  the  friction  coefficient,  a  is  the  amplitude  of  the  noise  and  dWij  —  dWji  are 
independent  increments  of  the  Wiener  process. 

We  have  shown  [9]  that  the  above  equations  have  a  well-defined  equilibrium  distribution 
given  by  the  Gibbs  ensemble  p{r,p)  =  exp{-/?JT(r,p)}/Z  where  Z  is  the  partition  function, 
H{r,p)  is  the  Hamiltonian  of  the  conservative  part  of  the  system  (i.e.  (1)  with  7  =  a  =  0) 
and  /?  is  the  inverse  of  the  kinetic  temperature  defined  by  3A;sT/2  =  {p^/2m).  We  have 
further  shown  that  the  temperature  is  given  in  terms  of  the  model  parameters  by 


(2) 


which  is  a  fluctuation-dissipation  theorem.  These  results  show  that  the  thermodynamics  of 
a  system  of  dissipative  particles  is  given  by  the  equilibrium  properties  of  the  conservative 
part  of  the  system,  and  that  dissipation  does  not  alter  this  thermodynamics. 

We  have  also  shown  that  in  the  hydrodynamic  limit  k,  a;  — >■  0  the  density  and  momentum 
fields  obey  the  usual  continuity  and  Navier-Stokes  equations  (energy  is  not  conserved  in  DPD 
and  no  energy  transport  equation  can  be  derived).  The  only  parameters  entering  into  the 
hydrodynamic  equations  are  the  speed  of  sound  and  the  shear  and  bulk  viscosities.  The  sound 
speed  does  not  depend  on  the  friction  coefficient,  a  result  that  is  expected  because  it  is  a 
thermodynamic,  not  a  transport,  quantity.  On  the  other  hand,  the  viscosity  coefficients  have 
two  contributions  that  are  given  in  terms  of  Green-Kubo  formulas.  The  first  contribution 
comes  from  the  conservative  part  of  the  dynamics  whereas  the  second  contribution  comes 
from  the  dissipative  part.  In  the  limit  7  =  0  the  viscosity  reduces  to  the  usual  expressions 
for  a  simple  liquid. 


FROM  MICROSCOPIC  TO  MESOSCOPIC  DESCRIPTIONS:  THE  HARMONIC  CHAIN 

Our  aim  is  to  derive  the  algorithm  of  DPD  for  the  simplest  model  of  an  elastic  solid,  the 
ID  harmonic  chain.  The  simplicity  of  the  model  allows  for  an  explicit  analysis  and  furnishes 
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valuable  insight  into  the  general  problem  of  relating  the  model  parameters  of  DPD  and  the 
microscopic  dynamics  of  the  underlying  system  that  is  being  modeled. 

The  essential  idea  consists  on  coarse-graining  the  original  model  and  deducing  the  equa¬ 
tions  of  motion  for  the  coarse-grained  variables.  Within  this  spirit,  the  particles  of  the  chain 
are  grouped  in  bunches  of  a  given  size.  The  “mesoscopic”  state  of  the  system  is  now  described 
by  the  position  and  the  momentum  of  the  center  of  mass  of  these  clusters  of  particles. 

Let  us  consider  a  set  of  N  particles  moving  in  one  dimension  and  connected  through 
Hookean  springs.  The  equations  of  motion  are 


Pi  =  K,{Xi+i  -  2Xi  -h  (3) 

where  Xi  is  the  deviation  from  the  equilibrium  position  Xi  =  ia  of  particle  i  (a  is  the  lattice 
spacing),  pi  is  its  momentum,  n  is  the  elastic  constant  and  m  the  mass  of  the  particles.  We 
assume  fixed  ends. 

Now  we  group  the  particles  in  bunches  of  size  n  so  that  the  position  and  the  momentum 
of  the  center  of  mass  of  each  bunch  are  taken  as  the  set  of  mesoscopic  variables  that  describe 
the  chain  in  a  coarse  grained  way,  i.e. 


p. 


E  Pi, 


(4) 


where  is  the  list  of  indices  of  particles  that  constitute  the  ^-th  group.  By  using  a  standard 
technique  of  projection  operators  we  deduce  the  equations  of  motion  for  the  mesoscopic 
variables  which  are 


dX^{t)  = 


p.it) 


dt 


dP^{t)  —  ~  H — 

^  in  nm 


dt 


+  (ksT'^yP  (i)l 

where  dW^^  =  dW„^t  are  independent  increments  of  the  Wiener  process  which  satisfy 

The  friction  coefficient  7  is  defined  in  terms  of  a  Green-Kubo  formula,  i.e. 


1  1 


ksT 

where  the  projected  microscopic  spring  length  has  been  introduced 

^  (t Xo-'j  A(ji/X . 


(5) 

(6) 

(7) 

(8) 
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Sumarizing,  starting  from  a  microscopic  description  of  an  harmonic  chain  in  terms  of  the 
positions  and  momenta  of  the  atoms  of  the  chain  we  have  deduced  the  equations  of  motion 
for  a  coarse-grained  chain  constructed  from  the  original  one  by  grouping  the  atoms  in  clusters 
of  definite  size  n.  The  chain  is  assumed  to  be  in  a  statistical  state  near  equilibrium.  In  the 
limit  of  very  long  chains  and  for  large  groupings  of  particles,  the  clusters  interact  elastically 
and  dissipatively,  with  a  friction  force  that  depends  on  the  relative  velocity  of  neighbouring 
particles.  Moreover,  the  clusters  are  subject  to  thermal  random  delta-correlated  forces  that 
take  into  account  the  eliminated  degrees  of  freedom  and  which  depend  on  the  temperature 
of  the  equilibrium  state.  The  structure  of  the  equations  of  the  renormalized  chain  is  thus 
identical  to  that  of  Dissipative  Particle  Dynamics  as  applied  to  huid  systems.  More  precisely, 
the  particularization  of  the  equations  of  DPD  as  given  in  Ref.  [9]  to  the  harmonic  chain 
produce  exactly  the  equations  (5).  Therefore,  we  have  derived  for  this  particular  system  the 
equations  of  DPD  from  first  principles. 

The  elastic  constant  and  the  friction  coefficient  of  the  coarse-grained  chain  are  defined  in 
terms  of  microscopic  variables.  Worthnoting  is  the  fact  that  they  are  inversely  proportional 
to  the  size  of  the  clusters.  This  corresponds  to  the  intuitive  idea  that  the  time  scales  of  the 
coarse  grained  variables  grow  as  the  size  of  the  cluster  and  it  is  consistent  with  the  Markovian 
approximation  taken  in  the  deduction  of  the  equations. 

CONCLUSIONS 

DPD  is  a  promising  technique  for  simulating  complex  collective  hydrodynamic  behaviour 
as  that  appearing  in  colloidal  suspensions.  It  is  a  well-sounded  technique  as  far  as  its  equi¬ 
librium  and  hydrodynamic  transport  properties  is  concerned.  In  order  to  better  understand 
the  physical  meaning  of  the  model  parameters  appearing  in  DPD,  we  have  derived  from  first 
principles  the  algorithm  of  DPD  for  a  simple  model  of  an  elastic  solid.  A  coarse-graining 
length  is  introduced  and  explicit  expressions  for  the  conservative  and  dissipative  parameters 
of  DPD  are  derived,  which  depend  strongly  on  this  length. 

A  similar  analysis  for  fluid  systems  appears  to  be  more  elusive.  For  example,  one  would 
like  to  know  the  expressions  for  the  conservative  force  FU  the  weighting  function  a;(r)  and  the 
value  of  7  in  terms  of  the  microscopic  conservative  potentials,  i.e.  a  Lennard- Jones  potential. 
Nevertheless,  one  can  propose  intuitive  expressions  for  the  conservative  and  dissipative  forces. 
But  then  one  does  not  have  a  clear  idea  about  the  time  and  length  scales  DPD  is  addressing. 

A  related  point  worth  investigation  is  how  much  better  is  DPD  versus  MD  regarding 
the  simulation  of  hydrodynamics.  There  have  been  so  far  no  systematic  investigations  of 
the  effect  of  the  different  model  parameters  and  its  improvement  on  the  production  of  a 
collective  hydrodynamic  behaviour. 
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ABSTRACT 

A  solution  of  30  %  by  mass,  7  nm  diameter,  colloidal  silica  spheres  has  been  studied 
during  gelation  using  small  angle  neutron  scattering  (SANS).  A  peak  in  the  static  structure  factor 
appears  early  at  a  wavevector  ^  =  0.1nm',  and  then  grows  in  height  and  shifts  to  lower 
wavevectors  as  gelation  proceeds.  This  is  consistent  with  a  cluster  growth  model  in  which  this 
low-^  peak  in  the  structure  factor  indicates  the  presence  of  correlations  between  growing  clusters. 
The  peak  continues  to  grow  after  the  solution  has  visibly  gelled  indicating  that  the  gel  coarsens 
even  after  a  stiff  solid-like  network  has  formed.  The  clear  presence  of  cluster  correlations  at  length 
scales  only  one  order  of  magnitude  larger  than  the  particle  size  means  that  the  usual  fractal  slope 
analyses  are  invalid  in  this  system.  We  interpret  the  results  by  comparing  the  measured  time 
evolution  of  the  structure  factor  with  computer  simulations  of  Lennard-Jones  particles  quenched 
far  below  the  critical  line. 

INTRODUCTION 

•In  a  series  of  recent  papers  [1-3]  we  have  pointed  out  that  the  fractal  analysis  normally 
applied  to  understand  the  scattering  from  dilute  gels  is  unlikely  to  be  appropriate  when  one 
examines  the  behavior  of  a  dense  gel.  It  is  well  known  from  small  angle  x-ray  [4],  neutron  [5], 
and  light  scattering[6]  studies  that  low  density  gels  can  show  a  power  law  increase  in  intensity 
with  decreasing  wave  vector  q.  Here,  q  -  {4;r/ A)sin{0/2),  X  is  the  incident  wavelength,  and  0 
is  the  scattering  angle.  For  such  low  density  gels  formed  of  fractal  aggregates,  it  is  easily  shown 
that  the  stmcture  factor  Siq)  varies  as 


(1) 


where  dj  is  a  fractal  dimension.  Equation  (1),  however,  is  valid,  and  the  fractal  dimension  has 
meaning,  only  when  the  length  scales  probed  are  much  larger  than  the  size  a  of  the  individual 
particles  but  smaller  than  the  characteristic  size  ^  of  the  fractal  aggregate.  Thus, 


Ik  2k 

—  «q« - 

^  <y 


(2) 


Although  the  simple  dilute  gel  fractal  aggregate  approach  may  be  invalid  for  dense  gels,  we  have 
suggested  [2]  that  a  fractal  dimension  of  a  dense  system  can  still  be  obtained  by  studying  the  time 
evolution  of  the  gelation  process.  In  this  short  paper  we  present  the  first  experimental  data  to  test 
our  hypothesis. 


EXPERIMENTAL 


Small  angle  neutron  scattering  measurements  were  made  on  the  NIST  30  m  SANS 
instrument  designated  NG3  at  the  NIST  Cold  Neutron  Research  Facility.  The  incident  neutron 
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wavelength  was  set  to  0.5  nm  with  a  bandwidth  measured  at  FWHM  of  15%.  The  sample-to- 
detector  distance  was  set  at  13.15  m  and  the  source  location  relative  to  the  sample,  adjustable  by 
the  placement  of  neutron  guide  tubes,  was  set  at  14.77  m.  Scattered  neutrons  were  detected  using 
a  2D  position  sensitive  detector.  Because  all  measured  scattering  patterns  were  isotropic,  the 
measured  counts  were  azimuthally  averaged  to  place  the  data  on  simple  wavevector  vs.  intensity 
plots.  These  data  were  converted  to  absolute  scattering  units  by  comparing,  under  identical 
experimental  conditions,  the  measured  intensities  with  that  from  H2O,  which  has  a  total  neutron 
scattering  cross  section  of  0.85  ±  0.03  cm'^ 

The  sample  contained  7  nm  colloidal  silica  spheres  in  H2O  at  a  mass  fraction  of  30%, 
initially  as  a  suspension  at  a  pH  of  9.8.  Gelation  was  initiated  by  adding  a  sufficient  amount  of 
concentrated  HCl  to  the  stock  solution  to  reduce  its  pH  to  approximately  6.3.  This  solution  was 
quickly  loaded  into  a  quartz  cell  (1  mm  path  length)  and  placed  in  the  neutron  beam. 
Measurements  were  taken  as  soon  after  initiation  as  possible  —  approximately  5  min.  The 
scattering  intensity  was  then  followed  as  a  function  of  time  by  making,  in  succession, 
measurements  for  periods  of  1,  2,  4,  8,  16,  and  32  min.  Further  30  min  duration  measurements 
were  made  at  2  h,  24  h,  and  40  h  after  the  reaction  had  begun.  The  behavior  of  a  sample  of  the 
solution  used  for  the  scattering  experiments  showed  that  a  gel  network,  strong  enough  to  support 
its  own  weight,  had  formed  after  approximately  20  min. 

RESULTS 

Figure  1  shows  a  plot  of  the  scattered  intensity  of  the  suspension  (t  =  00:00)  and  plots  of 
the  gel  as  a  function  of  time  after  initiation.  The  low  scattering  power  of  the  suspension  indicates 
that  it  is  relatively  homogeneous  over  length  scales  of  approximately  30-160  nm.  The  rise  in 
intensity  near  q  =  0.4  nm’’  reflects  an  average  (charged)  colloidal  particle  separation  distance  of 
about  16  nm.  At  very  early  times  after  gel  initiation,  this  particle-particle  separation  peak 
disappears,  and  there  is  a  sudden  marked  increase  in  scattering  at  low  q.  The  disappearance  of  the 
particle-particle  separation  peak  is  expected  because  the  addition  of  HCl  increases  the  screening  of 
the  charged  colloidal  spheres,  which  decreases  their  effective  interaction  diameter  and  thus  the 
effective  volume  fraction  of  the  particles.  Hence,  the  particle-particle  interaction  peak  will  shift  to 
higher  q  and  decrease  substantially  in  intensity. 

The  sudden  rise  in  scattering  power  after  gel  initiation  at  low  q  indicates  the  onset  of 
clustering.  This  creates  inhomogeneities  at  length  scales  of  several  particle  diameters  and  thus  a 
sharp  rise  in  intensity  at  wavevectors  corresponding  to  these  length  scales.  As  time  progresses  the 
low-<y  scattering  continues  to  increase  indicating  coarsening  of  the  clusters.  At  later  times  a  peak  in 
this  low  angle  scattering  (at  approximately  q  =  0.08  nm'^)  can  be  easily  identified.  This  peak 
clearly  indicates  the  presence  of  the  cluster-cluster  correlations  and  its  location  can  be  used  as  a 
rough  measure  of  the  cluster-cluster  correlation  distance;  ~  80  nm.  It  is  interesting  to  note  that  this 
peak  continues  to  grow  long  after  the  20  min  it  takes  to  visibly  gel. 

Figure  2  displays  the  measured  scattering  intensity  for  the  suspension  (pre-initiation)  and 
the  gel  measured  40  h  after  initiation  at  three  separate  detector  positions  giving  a  wider  range  of 
wavevector  coverage.  For  the  gelled  sample  we  sees  a  peak  at  low  q.  Two  “linear”  regimes  on 
this  log  scale  at  intermediate  q  indicate  power-law-like  behavior.  The  intensity  falls  off  very 
rapidly  at  the  highest  wavevectors,  but  there  is  an  indication  of  a  small  peak  at  ^  ~  1.0  nm■^ 
which  corresponds  to  direct  contact  between  the  7  nm  colloidal  particles.  For  reference,  the 
theoretical  form  factor  for  7  nm  spheres  is  also  plotted  in  Fig.  2.  Since  the  measured  scattering 
will  be  a  product  of  this  form  factor  and  the  structure  function  (appropriately  convolved  with  the 
instrument  function),  the  origin  of  the  sudden  change  in  slope  of  the  measured  intensity  at 
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Measured  neutron  scattering  intensities  as  a  function  of  time  since  gel  initiation 
for  a  30  wt.  %,  7  nm  solution  of  colloidal  silica.  Note  that  a  peak  forms  at 
intermediate  times. 


Figure  2:  Measured  neutron  scattering  intensities  from  30  wt.  %,  7  nm  colloidal  silica 
spheres  both  in  suspension  and  several  hours  after  gel  formation.  The  peak 
in  the  suspension  data  corresponds  to  an  average  particle  separation  distance  of 
approximately  1 6  nm.  The  large  wavevector  range  was  obtained  by  combining 
data  from  3  detector  positions.  The  7  nm  form  factor  is  included  for  reference. 
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q  =  0.5  nm-'  is  clear.  It  results  from  the  behavior  of  the  form  factor  but  otherwise  has  no  special 
structural  significance.  Figure  2  also  shows  the  charged  colloidal  suspension  particle-particle 
separation  peak,  which  is  now  more  completely  defined  by  using  three  separate  detector  positions. 

DISCUSSION 

Power-law  growth  in  S{q),  such  as  that  seen  in  the  intermediate^  range  of  Fig.  2,  is 
normally  interpreted  as  a  signature  of  fractal  aggregation.  It  would  thus  be  natural  to  apply  Eq.  ( 1 ) 
to  these  data  and  derive  a  fractal  dimension  from  the  slope  of  the  measured  structure  factors.  This 
interpretation,  however,  is  incorrect  in  the  present  situation  because  the  inequality  (2)  is  clearly  not 
satisfied  in  this  experimental  system:  the  length  scale  associated  with  the  cluster  size  (about  80  nm 
using  the  cluster-eluster  correlation  peak  as  a  measure)  is  only  a  factor  of  10  larger  than  the  particle 
diameter.  To  define  a  fractal  aggregate  over  a  range  in  size  from  only  2  particle  diameters  to  5 
diameters  (where  the  logarithmic  plot  is  linear)  would  stretch  the  definition  of  a  fractal  object. 
Furthermore,  derivation  of  the  scattering  equation  (1)  neglects  the  effect  of  cluster-cluster 
correlations.  Therefore,  (1)  may  be  used  only  under  the  condition  that  the  cluster-cluster 
correlation  distance  is  much  larger  than  the  fractal  length  scale  -  a  condition  that  is  obviously  not 
satisfied  in  these  experiments,  which  show  a  distinct  correlation  peak  near  this  linear  regime. 

COMPUTER  SIMULATION 

We  believe  that,  in  contrast  to  the  simulation  methods  that  model  gelation  as  a  process  in 
which  a  single  large  aggregate  is  grown,  the  gelation  of  dense  colloidal  systems  is  more 
appropriately  understood  in  terms  of  nucleation  and  growth  and/or  spinodal  decomposition.  In 
such  models,  a  system  of  particles  at  the  appropriate  density  is  quenched  from  a  high  temperature 
state  into  a  metastable  or  unstable  region  of  the  phase  diagram.  The  particles  will  immediately 
begin  to  form  clusters;  as  time  progresses,  these  clusters  will  coarsen. 

In  Fig.  3  we  show  the  results  from  such  a  simulation  using  molecular  dynamics  methods. 
The  simulation  studies  the  evolution  of  a  14  336  particle,  2D  Lennard-Jones  system,  when 
quenched  from  a  liquid  state  at  reduced  temperature  T  =  1 .0  to  T  =  0.2.  The  triple  point  for  this 
system  is  approximately  =0.41.  The  system  was  allowed  to  evolve  at  a  reduced  density 
p  =  0.325  for  a  total  reduced  time  of  t  =  1000,  with  an  integration  time  step  Ar  =  0.004,  and  at  a 
constant  temperature  maintained  by  a  Gaussian  isokinetic  thermostat  [7].  Figure  3  shows  four 
snapshots  taken  at  post-quench  times  r  =  8,  40,  200,  and  1000.  At  /  =  8,  the  system,  which  was 
in  an  initial,  disordered  state  at  T  =  1 .0  before  the  quench,  has  formed  two  distinct  phases  -  a 
solid  (black  regions  formed  of  dense  particle  clusters)  and  an  extremely  dilute  gas  (white  regions 
essentially  devoid  of  particles).  The  microstructure  is  characterized  by  finely  dispersed  clusters  of 
particles  that  form  thick  filaments  and  is  reminiscent  of  the  structures  observed  in  simulations  of 
spinodal  decomposition  in  liquids  [8,9]  and  solids  [10]. 

Figure  4  shows  the  corresponding  computations  of  S{q,t).  A  peak  in  S{q)  at  low  angles 
results  from  correlations  in  the  positions  of  neighboring  clusters,  and  its  location  provides  a  rough 
measure  of  the  average  cluster-cluster  separation  at  a  given  time.  As  the  simulation  evolves,  this 
peak  moves  to  lower  q  and  grows  in  height.  The  shift  to  lower  q  indicates  increasing  cluster- 
cluster  separation;  the  height  is  related  both  to  the  degree  of  correlation  between  clusters  and  to  the 
number  of  particles  contained  in  an  average  cluster.  This  behavior  mimics,  at  least  qualitatively, 
the  experimental  results  presented  in  Fig.  1 . 

In  a  previous  paper  [2],  we  have  shown  that  the  evolution  of  S{q)  in  this  quenched 
Lennard-Jones  system  obeys  a  dynamic  scaling  relation  from  which  a  characteristic  fractal 
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Figure  3:  Molecular  dynamics  simulation  of  a  2D,  14  336  particle,  Lennard-Jones  system 
quenched  from  above  the  critical  temperature  (T  =  1.0)  into  the  vapor/solid 
coexistence  region  (T  =  0.2)  at  a  reduced  density  p  =  0.325.  Each  figure  is  a 
snap-shot  after  the  quench  at  reduced  times  (a)  t  =  8,  (b)  t  =  40,  (c)  t  =  200, 

(d)  t  =  1000.  From  Butler  et  al.,  Phys.  Rev.  Lett.,  74,  4468  (1995). 


Figure  4:  The  structure  factor  Siq,t}  computed  from  each  of  the  four  simulation 
snap-shots  presented  in  Fig.  3.  Note  that  as  the  simulation  evolves  the 
peak  maximum  at  low  q  increases  in  height  and  moves  toward  smaller  q. 
From  Butler  et  al.,  Phys.  Rev.  Lett.,  74,  4468  (1995). 
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dimension  of  the  decomposing  fluid  can  be  derived  regardless  of  the  density  yet  still  in  the 
presence  of  cluster-cluster  correlations.  Simulations  like  this  may  thus  provide  valuable  insight 
into  the  interpretation  of  experiments  designed  to  probe  the  gel  mechanism. 

CONCLUSION 

Measurements  of  the  small  angle  neutron  scattering  from  a  30  %  by  mass  silica  gel  made 
from  7  nm  diameter  colloidal  particles  confirm  the  existence  of  a  peak  in  the  scattering  at  low  q 
which  indicates  the  presence  of  cluster-cluster  correlations.  At  values  of  the  wave  vector  that  fall 
between  this  peak  and  the  high-q  regime  (defined  by  the  colloidal  particle  size),  we  find  that  the 
scattering  falls  off  in  a  power-law  fashion.  We  want  to  stress,  however,  that  there  is  only  a  factor 
of  10  difference  in  the  size  of  the  colloids  and  the  cluster-cluster  correlation  distance.  Hence,  the 
normal  fractal  slope  analysis  is  not  applicable.  We  conclude,  therefore,  that  the  power  law 
behavior  is  not  attributable  to  fractal  aggregation  but  instead  results  from  the  particular  size  and 
arrangement  of  clusters  in  this  system. 

Computer  simulations  of  quenched  systems  reproduce  qualitatively  the  observed  scattering 
features  from  a  dense  gel  and  may  lead  to  a  better  understanding  of  the  experimental  scattering  data 
and  thus  the  gelation  mechanism. 
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ABSTRACT 

Light  sensitive  colloidal  particles  of  copper  hydrous  oxides  were  prepared  at  interfaces  of 
exopolymeric  materials.  Dislike  copper  oxide  or  hydroxide  nanoclusters  were  obtained  which 
might  be  useful  as  p-type  semiconductors.  The  colloidal  CU2O  XH2O  and  Cu(OH)2  particles 
reveal  fractal  dimensions  of  D  =  2.15  ±  0.05  for  Cu(OH)2  and  D=  1.75  ±  0.07  for  CU2O  j^20. 

INDRODUCTION 

Colloidal  hydrous  copper  oxides  and  hydroxides  were  prepared  at  the  interfaces  between  Cu 
ions  at  pH  7.2-7. 5  (20°C)  and  exopolymeric  materials  (EPM),  e  g.  alginate,  xanthan  and 
depyruvoylated  xanthan  or  glycolipids  A&B  without  resorting  strong  basic  solutions  or  the 
presence  of  reducing  agents,  e  g.  hydrazine,  high  temperature  (>100°C),  or  unpolar  solvents  or 
microemulsions  [1,2].  Furthermore,  the  anionic  EPM  reveal  at  neutral  pH  and  20°C  very  low 
surface  tensions  of  the  order  of  1-7  mN/m  adhere  strongly  to  thin  Cu-metal  surfaces  which 
accelerates  the  deterioration  of  metallic  Cu  in  the  presence  of  O2  by  forming  colloidal  hydrous 
copper  oxides  [3,4], 

The  recently  observed  deterioration  of  Cu-surfaces  by  microorganisms  enables  us  to  report  here  on  the 
fractal  geometry  of  Cu-II-  and  Cu-I-  hydrous  sols  of  "Cu(OH)2"  and  "CU2O  XH2O"  mediated  by 
exopolymers  (EPM),  mainly  xanthan.  The  procedure  offers  an  unprecedented  aspect  of  the 
preparation  of  nanostructural  Cu  oxide  particles,  e  g.  CU2O  and  CuO  nanoparticles  without  using 
severe  sample  preparations,  e  g.  in  the  present  of  strong  reduction  agents  [4].  We  describe  here  to  the 
best  of  our  knowledge  for  the  first  time  the  nature  of  self-aggregation  of  Cu-hydrous  oxides  sols  in 
vitro  and  in  vivo,  by  monitoring  the  growing  Cu-hydrous  oxides  evolution  in  situ  in  real  time  applying 
light-(LS),  small-angle  (SAXS)-X-ray  scattering  and  electron-microscopic  methods. 

EXPERIMENTAL 

The  ''Cu(OH)2”  monomers  were  prepared  by  contacting  a  1  mM  CUSO4  solution  with  1  mM  NaOH  at 
pH  7.8  (7.5  -  8.0),  T  =  293  K  in  the  presence  of  0.1  %  (w/w)  xanthan  (MW  ^.5  x  10®  Da)  for  1 
hour  (in  vitro).  This  preparation  was  compared  with  Cu-metal  (100  pm  thick)  exposed  to  fermentation 
conditions  in  the  presence  of  Xanthomonas  campestris  among  other  microorganisms  relevant  in  the 
environment  over  8  weeks  (in  vivo)  [3].  This  fermentation  procedure  speeds  up  biologically  the 
deterioration  of  Cu-surfaces.  In  another  experiment  the  Cu-metal  (50  -  100  pm  thick)  was  exposed  to 
the  broth  containing  EPM  only  and  aerated.  SAXS-data  were  obtained  as  outlined  in  [7].  Since  scat¬ 
tering  experiments  measure  S(k)  as  the  Fourier  transform  of  p2(r),  which  is  the  two  point  density- 
density  correlation  function,  an  equivalent  power  law  correlation  to  S(k)  exists  decaying  as: 

(1)  loM  =  S(k)  ~  k-^ 
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over  the  range  Rg'^  <  k  <  ap’’  ,  with  ap  the  radius  of  the  primary  particle,  Rg  the  radius  of  gyration 

of  the  cluster,  and  k  =  47c/A,  sin  0/2  the  wave  vector.  Equation  (1)  does  not  obey  outside  the  power 
law  regime  which  is  not  of  concern  here.  The  exponent  D  is  called  the  fractal  dimension  and  describes 
the  structure  of  the  aggregates.  LS-experiments  were  carried  out  as  described  previously  [8],  with  the 
aim  that  S(k)  could  be  measured  between  0.00001  <  k<  0.0002  mn  \  resulting  in  cluster  sizes  up  to 
500  -  800  nm.-  The  oxidation  states  of  Cu  were  determined  by  XPS  measurements  and  carried  out 
with  a  Vacuum  Generator  Ltd.  ESCA  3  MK II  spectrometer  using  monochromatized  AlKa  excitation. 
The  take  off  angle  of  the  signal  was  70°.  The  binding  energy  scale  of  the  instrument  was  calibrated 
using  the  Au  4  fj  2  line  of  pure  gold  (84.0  eV). 

RESULTS  AND  DISCUSSION 

The  electrolyte  induced  aggregation  of  charge-stabilized  metal  or  metal-like  colloids  into  fractal 
clusters  has  received  a  great  deal  of  attention  over  the  past  years  using  LS,  SAXS  or  neutron 
scattering  experiments  [9].,  but  not  in  the  presence  of  polyelectrolytes.  It  is  therefore  particular 
noteworthy  that  we  were  able  to  study  the  time  dependent  clustering  for  ''Cu(OH)2"  (ap  =  2. 1  nm) 
and  ’’CU2O  X  H2O"  (ap  =  2.8  nm)  for  Rg  <  10“^  nm  due  to  the  presence  of  anionic  polyelectrolyte,  e  g. 
xanthan  and  derivates  thereof  In  this  regime  we  observed  a  power-law  behavior  between  0.00001  <  k 
<  0.01  nm'^  showing  fractal  nature  of  the  colloidal  copper  aggregates,  with  lobs  ~  k'^  with 

k  <  Rg^  >0.1.  However,  k  is  independent  for  k  <  Rg^  >  '  »  0. 1 .  The  values  for  D,  which  is 

universal  in  its  value  and  independent  of  the  detailed  nature  of  the  particles  and  reflects  only  the  mode 
of  aggregation  [10],  obtained  are  2.15  ±  0.05  for  the  colloidal  hydrous  Cu-II-oxide,  "Cu(OH)2",  which 
does  not  agree  with  a  diffusion  limited  aggregation  (DLA)  nor  a  cluster-cluster  aggregation  (CA) 
model.  However,  the  hydrous  copper-I-oxide,  Cu20'xH20  for  comparison  reveals  a  D-value  of  1 .75  ± 
0.07  close  to  the  one  of  CA.  Surprisingly,  both  in  vitro  and  in  vivo  preparations  yielded  the  same 
clustered  Cu-materials  having  the  Cu  oxidation  states  one  and  two  as  assessed  by  XPS.  These 
suspensions  are  stable,  and  the  small  clusters  have  a  nominal  radius  of  gyration  of  Rg  =  2. 1  nm. 
Reducing  the  pH  to  6.5,  adding  xanthan  to  a  final  concentration  of  0.9%  CQ  and  raising  the  salt 
concentration  to  5  mM  NaCl,  the  monomers  apparently  aggregate  in  a  time  dependent  manner.  The 
addition  of  salt  reduces  the  substantial  negative  charges  on  the  particles  by  decreasing  the  Debye- 
Hiickel  screening  length  to  a  certain  point  where  the  "Cu(OH)2"  particles  approach  each  other 
sufficiently  close  in  order  to  permit  van  der  Waals  bonding. 


Fig.  1  Transmission  electron 
micrograph  of 
CU2O  XH2O  grown  in 
the  presence  of  0.9  % 
f7w)  xanthan .  the  bar 
equal  500  nm. 
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(k),  arb,  scala 


Fig.  1,  e  g.  shows  an  electron  micrographs  of  and  "Cu20-  XH2O"  clusters  revealing  the  branching 
structures  of  the  clusters.  Accordingly,  the  "Cu(OH)2"-  clusters  can  grow  to  plate  hexagonal  particles 
approximately  0.5pm  across,  and  sediment  under  gravity.  However,  treating  solutions  of  1  mM 
CUSO4  with  0. 1  mM  NaOH,  pH  7.5,  (293  K),  in  the  presence  of  unpyruvoylated  xanthan  in  which  the 
acidic  pyruvoyl  groups  were  removed  by  heating  in  O.IM  TRIS-HCl  in  the  presence  of  1  x  lO'^M 
oxalic  acid  at  366  K  (2  h),  yielded  light  orange  solutions  at  concentrations  of  0. 5-0.6  %  (w/w)  EPM 
material.  This  suspension  has  a  nominal  radius  of  gyration  of  ap  =  2,9  nm,  is  stable  and  commenced  to 
aggregate  upon  addition  of  20  mM  NaCl,  pH  6.5,  or  by  increasing  the  unpyruvoylated  xanthan 
concentration  to  1.0  %(w/w)  [11].  The  presence  of  the  unpyruvoylated  xanthan  alters  the  form  of  the 
cluster  yielding  oval  particles  (0.25  pm).  The  inorganic-organic  in  situ  synthesis  of  the  "Cu(OH)2"  or 
"CU2O  XH2O"  composites  displays  controlled  inorganic  crystal  size  and  morphology,  which  are  the 
determining  features  of  the  matrix-mediated  biocomposites.  However,  we  did  not  observed 
"CU2O  XH2O"  particles  in  vivo.  Both  preparations  were  studied  with  static  LS  and  SAXS  techniques 
at  concentrations  of  Cu^'  of  0.2  wt  %  and  0.5  wt  %  in  the  presence  of  0.5M  NaCl,  and  Cu^^  of  0. 1  wt 
%  at  l  .OMNaCl,  and  0.5  wt  %  at  1  OM  NaCl,  respectively  (293  K).  S(k)  measurements  using  LS  and 
SAXS  were  in  the  range  of  0.00002  <  k  <  0.01  nm'*  (Fig  2 A  &  B).  SAXS  data  revealing  the  size  of 
the  primary  particles  of  "Cu(OH)2"  sols,  obtained  from  the  slope  of  the  scattered  intensity  plot  at  very 
large  k-values  (ap  =2,1  nm)  obeying  Porod's  law  [12].  The  fact  that  fractal  behavior  is  observed  up  to 
the  crossover  and  the  limiting  slope  of  -  4  indicates  that  the  "Cu(OH)2"  or  the  "CU2O-XH2O"- 
monomers  remain  intact  in  the  aggregate  and  the  "width"  of  the  arms  of  the  cluster  is  close  to  the 
diameter  of  the  monomers.  However,  on  longer  length  scales  the  data  indicate  the  formation  of  fractal 
aggregation  with  D  =  2. 1 5  ±  0.05  (Fig.  2  A). 

Fig.  2A  Fig.  2B 


Fig.  2  Scattered  light  intensity  profiles  of  "Cu(OH)2"  clusters  as  aggregation  proceeds.  Filled  symbols 
correspond  to  in  vivo,  hollow  symbols  to  in  vitro  experiments,  respectively.  (B)  The  same  as 
(A)  but  for  "CU2O  XH2O"  and  in  vitro  experiments. 

The  radius  of  gyration  of  these  aggregates  is  calculated  to  140  ±  25  nm.  Similar  values  were  found 
from  in  vivo  experiments.  The  corresponding  values  for  "CU2O  XH2O"  are  ap  =  2,8  nm,  <Rg>  of  the 
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aggregates  190  ±  30  nni,  and  D  =  1.75  ±  0.07.  After  20  hours,  <R^  of  these  clusters  for  both 
preparations  grew  beyond  this  limit.  Fig,  2  shows  the  temporal  development  of  the  scattered  light 
intensity  I(k)  for  both  preparations.  The  error  bars  in  Fig.  2  decreases  as  the  aggregation  proceeds. 
The  maximum  intensity  at  k  <  0.00003  nm‘^  increases  almost  two  decades  until  40  h  after  initation. 
With  respect  to  Fig.  2,  the  power  law  dependence  of  I(k),  still  remains  after  40  h  but  a  decrease  in 
amplitude  is  observed  due  to  sedimentation  of  larger  aggregates.  Without  knowledge  of  the  sticking 
probability  for  collision  and  precise  information  of  the  initial  concentration  of  the  monomers,  we  can 
infer  from  the  D-values  possible  aggregation  mechanisms  among  a  large  number  of  growth 
mechanisms.  Furthermore,  polydispersity  has  not  seriously  effected  our  results  for  D  sizes,  since 
aggregation  proceeded  over  a  large  period  of  time,  and  more  and  more  material  from  the  minor 
fraction  of  the  particle  size  distribution  has  been  incorporated  into  the  copper-cluster  until  they  grow 
to  a  size  where  they  sediment. 

Fig.  3  Structure  factor  S(kRg)  vs  Rg  for  the 

CU2O  XH2O  clusters  of  different 
sizes  masses: 
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Fig  3  is  consistent  with  calculated  values  of  S(k  Rg)  for  CU2O  XH2O  clusters  of  sizes  between  20  to 
1,000  particles.  At  present  each  symbol  represents  an  assemble  average  of  10  different  CU2O  XH2O 
aggregates  depending  on  the  content  of  H2O.  The  standard  deviation  is  approximately  the  same  for  all 
data.  As  it  is  expected  for  fractals,  at  high  values  of  h  Rg  the  data  for  the  structure  factor  from 
simulations  satisfy  the  power  law  dependence,  yielding  a  fractal  dimension  of  1 .75  ±  0. 10  from  a  least 
squares  fit.  This  value  is  close  to  the  values  for  a  lattice  model  (  =  1.75  -  1.85).  However,  simulations 
using  random-walk  trajectories  at  a  density  of  0.01,  an  effective  dimensionality  of  D  =  1.80  ±  0.07 
was  obtained  from  the  density-density  correlation  function.  The  radius  of  gyration  exponent  obtained 
for  the  clusters  in  the  size  range  10<N<  1,000  particles  per  cluster  was  0.575  +  0.015  with  D  =  1.75  ± 
0.06.  These  results  suggest  that  the  fractal  dimensionality  is  slightly  lower  for  the  random- walk 
trajectories  than  for  the  linear  trajectories.  The  effect  is  small  but  we  cannot  rule  out  the  possibility  that 
both  random  walk  and  linear  trajectories  may  yield  the  same  fractal  dimensionality  on  the  basis  of 
these  results  obtained  [10].  The  fractal  dimensions  of  2.15  as  found  for  "Cu(OF02"  is  not  consistent 
for  a  DLA  (D  =  2.5)  or  a  CA  (D  =  1 .75)  model,  almost  close  to  the  one  of  equilibrium  structures,  eg. 
lattice  animals  (LA)  for  which  D  =  2.0  [13],  The  structure  of  "Cu(OH)2"  appears  to  be  a  balance  of 
entropic  effects  favoring  branched  random  -  walk  structures,  and  excluded  volume  forces  which  favor 
cluster  expansion. 

CONCLUSION 

For  the  first  time  it  can  be  shown  that  the  microbial  destruction  of  metallic  and  oxidized  Cu-surfaces  in 
the  presence  of  exopolymers  yielded  defined  hydrous  Cu-particles  dependent  on  the  structure  of  EPM, 
solution  surface  tension,  pH,  and  for  in-vitro  conditions  the  environmental  consortia  of 
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microorganisms.  EPM's  may  be  suitable  for  preparations  of  other  colloidal  or  metal-like  nanoparticles 
without  using  harsh  agents  or  unpolar  solvents. 
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ABSTRACT 

Velocity  and  attenuation  measurements  of  compressional  waves  at  3  and  5  MHz  are  pre¬ 
sented  for  suspensions  made  of  size  particles  of  kaolinite  or  glass  beads  in  water  or  light 
oil.  At  a  critical  concentration  of  40%,  the  attenuation  shows  a  sharp  peak  in  attenuation 
as  well  as  a  sudden  change  in  velocity.  This  behavior  is  observed  in  all  suspensions  and  is 
independent  of  frequency  or  particle  geometry.  The  observed  behavior  is  consistent  with 
the  excess  attenuation  induced  by  the  fluid-shearing  between  particles.  This  behavior  is  the 
first  experimental  evidence  for  the  existance  of  the  freezing  point,  predicted  by  computer 
simulations. 

INTRODUCTION 

A  large  body  of  work  has  appeared  in  recent  years  regarding  the  transition  of  multi¬ 
phase  systems  from  disordered  to  ordered  states[l,  2].  Many  of  these  studies,  such  as  those 
using  fluid  crystals,  have  examined  the  associated  changes  in  optical  properties  as  a  way 
of  investigating  this  transition  [3].  In  simple  two-phase  systems,  such  as  suspensions  or 
porous  media,  contrasts  in  the  mechanical  properties  of  the  two  component  phases  can  be 
responsible  for  large  concentration- dependent  changes  in  the  mechanical  behavior  of  the 
aggregate  material  [4]  even  when  optical-property  contrasts  are  slight.  Nearly  all  previous 
reports  of  the  acousto-mechanical  properties  of  the  fluid/solid  transition  have  been  limited 
to  either  poorly-consolidated  porous  solids  [5,  6,  7]  or  dilute  suspensions  [8]. 

Optical  experiments  of  particle  ordering  in  suspensions  have  shown  that  as  the  particle 
concentration  increases,  the  system  goes  from  a  fluidi  state,  to  a  phase  in  which  fluid  and 
solid  behavior  may  coexist,  and  finally  to  fully  rigid  stucture  capable  of  sustaining  shear 
stresses.  For  dilute  suspensions.  Greenwood  et  al.  [8]  demonstrated  that  the  acoustic  atten¬ 
uation  increases  linearly  with  concentration,  consistent  with  the  fact  that  the  solid  particles 
act  independently  w^hen  attenuating  sound  at  low  concentrations.  At  solid  concentrations 
above  fluid-solid  transition,  experiments  by  Blangy  et  al.  [7]  measured  shear  wave  prop¬ 
agation  on  loosely  consolidated  water-saturated  sands  as  a  function  of  progressively  lower 
concentrations.  Their  observations  indicate  that  in  the  concentration  range  between  55% 
and  65%,  the  rigidity  of  the  sample  vanishes  and  the  two-phase  system  behaves  effectively 
as  a  fluid.  Based  on  these  experimental  observations  it  is  commonly  assumed  that  the  fluid- 
solid  transition  in  a  two-phase  system  occurs  near  a  critical  concentration  of  60%,  at  which 
an  abrupt  onset  of  solid  behavior  is  expected. 

In  this  paper  we  report  the  observation  of  anomalous  ultrasonic  absorption  and  velocity 
of  compressional  waves  at  a  concentration  of  near  40%  in  high  concentration  suspensions. 
This  critical  concentration  threshold  agrees  well  with  the  freezing  limit  predicted  by  random 
packing  models  for  hard  spheres  [9,  10]. 
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EXPERIMENTAL  PROCEDURE 


The  velocity  and  attenuation  of  compressional  waves  was  measured  in  different  suspen¬ 
sions  containing  kaolinite  and  water,  glass  beads  and  water,  and  glass  beads  and  oil.  Kaolinite 
is  an  aluminosilicate  clay,  made  of  hexagonal  plates  with  a  mean  size  of  1//  m.  The  measured 
density  of  kaolinite  is  2500%/m^.  The  silica  glass  beads  have  a  density  of  2600%/m^  and 
also  have  a  mean  particle  size  of  Ifim.  One  of  the  fluid  componenents  of  the  suspensions 
was  doubly  destilled  water  and  the  second  fluid  used  was  a  light  machine  oil  (LPS-1)  with  a 
density  of  800kg Im^  and  a  viscosity  of  2.8  X  10~^ Pa  —  sec. 

The  suspensions  were  placed  inalOxlOxlO  cm  cell,  and  were  continuosly  stirred  to 
avoid  settling.  The  concentration  was  monitored  with  a  picnometer  before  and  after  the 
measurement  to  ensure  that  no  settling  had  occurred. 

The  pulse-trnsmission  technique  was  used  to  measure  the  velocity  and  attenuation  of 
a  compressional  elastic  wave  propagating  through  the  suspensions.  A  voltage  pulse  was 
fed  into  an  x-cut  quartz  transducer  that  acted  as  an  acoustic  source,  and  after  propagating 
through  the  suspension,  the  signal  was  received  by  another  x-cut  quartz  crystal  and  recorded 
by  a  digital  oscilloscope.  The  received  signal  was  then  fed  into  a  digital  oscilloscope.  The 
separation  between  the  quartz  transducers  could  be  varied  using  a  precision  micrometer.  This 
configuration  allowed  the  accurate  determination  of  attenuation  by  measuring  the  amplitude 
of  the  received  signal  as  a  function  of  transducer  separation.  Similarly,  the  velocity  could 
be  determined  by  measuring  the  propagation  time  as  a  function  of  transducer  separation. 
All  measurements  were  carried  out  at  a  constant  temperature  of  25^(7.  The  velocity  and 
attenuation  data  presented  here  are  the  average  of  several  experimental  runs  and  carry  error 
bars  of  the  order  of  0.7%  and  8%  respectively.  The  procedural  details  of  the  experiment  are 
given  elsewhere  [11]. 

RESULTS 

In  Figure  1  are  shown  the  attenuation  and  velocity  as  a  function  of  volume  concentration 
for  the  kaolinite-water  suspension.  As  discussed  previously  the  linear  monotonic  increase  of 
attenuation  at  low  concentrations  is  due  to  the  fact  that  the  solid  particles  in  suspension 
act  independently  when  attenuating  sound.  With  increasing  concentration  the  attenuation 
exhibits  a  maximum  at  a  concentration  near  40%.  This  maximum  in  attenuation  is  accom¬ 
panied  by  a  drastic  change  in  the  overall  trend  of  increasing  velocity. 

Scattering  effects  can  be  ruled  out  in  explaining  the  observed  phenomena  at  the  critical 
concentration  of  40%.  Scattering  is  expected  to  produce  a  strong  absorption  when  the  mean 
separation  of  the  particles  is  of  the  order  of  the  wavelength  [12].  While  this  effect  will 
give  a  concentration- dependent  attenuation,  the  position  of  the  attenuation  peak  will  vary 
with  frequency  (i.e.  with  wavelength).  In  Figure  1  the  critical  concentration  is  seen  to  be 
independent  of  the  frequency. 

Smectic  clays,  like  kaolinite,  show  a  very  active  surface  chemistry  due  to  cation  exchange 
capabilities.  To  rule  this  out  as  the  mechanism  responsible  for  the  observed  behavior,  the 
velocity  and  attenuation  measurements  were  repeated  using  glass  beads,  which  are  relatively 
inert  in  water  or  hydrocarbon  oils.  Figures  2  and  3  show  the  attenuation  and  velocity  as  a 
function  of  concentration  for  both  glass-beads  suspensions.  The  maximum  in  attenuation,  as 
well  as  the  corresponding  change  in  velocity,  also  occurs  at  a  critical  concentration  of  40%, 
independent  of  the  liquid  matrix  used. 
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Figure  1:  Attenuation  and  velocity  as  a  function  of  concentration  for  the  kaolinite/water 
suspension. 
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Figure  2:  Attenuation  and  velocity  for  the  glass  beads/water  suspension. 
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Figure  3:  Attenuation  and  velocity  for  the  glass  beads/oil  suspension. 
DISCUSSION 

The  anomalous  behavior  observed  at  a  concentration  of  40%,  is  independent  of  frequency, 
liquid  matrix  or  solid  constituent.  This  suggests  that  the  change  in  velocity  and  attenuation 
at  the  critical  concentration  is  due  to  geometrical  effects  such  as  interparticle  spacing.  This  is 
consistent  with  the  ’’freezing”  point  predicted  by  computer  simulations  involving  sequential 
packing  of  spheres  [9].  In  three  dimensions  the  simulations  predict  that  no  more  spheres 
can  be  added  without  significant  reorderingat  a  concentration  of  39%.  We  proposed  that 
as  the  concentration  is  increased  toward  40%,  the  shearing  of  the  viscous  fluid  between 
adjacent  particles  experiencing  oscillatory  motion  due  to  the  passage  of  an  acoustic  wave, 
contributes  to  the  attenuation  processes  [13].  This  effect  is  limited  at  low  concentrations 
by  large  inter-particle  separations  and  at  high  concentrations  by  the  increasing  number  of 
particles  in  contact  (and  therefore  incapable  of  relative  motion).  This  implies  that  there 
should  be  an  optimun  concentration  at  which  this  mechanism  is  most  efficient.  The  fact  that 
fluid  inertia  contributes  to  the  attenuation,  can  be  observed  by  comparing  Figures  2  and  3. 
Above  a  concentration  of  around  20%  the  oil-based  suspensions  (higher  viscosity)  attenuates 
less  than  the  water  based  suspensions.  Thus  our  measurements  are  done  in  the  transitional 
region  between  the  visocus  regime  and  the  inertial  regime,  as  defined  by  Kytomaa  et  al. 
[14,  15].  In  this  transition  region,  the  viscous  penetration  length  8  [16]  is  of  the  order  of 
the  particle  radius.  For  example,  for  the  water-based  suspensions  the  ratio  R  =  8ja  is 
1.6  (3  MHz)  and  MHz),  and  similarly  for  the  oil  based  suspensions:  R  =  3.1 

(3  MHz)  and  R  =  2.4  (5  MHz).  An  increasing  viscosity  will  increase  the  value  of  at  a 
given  frequency  and  the  particles  will  cease  to  attenuate  sound  independently  at  a  lower 
concentration,  thus  broadening  the  attenuation  peak.  Further  experiments  axe  planned  to 
confirm  this  hypothesis. 

Finally,  the  critical  behavior  is  also  independent  of  the  particle  geometry.  This  is  due 
to  the  random  orientation  of  the  kaolinite  plates,  that  effectively  have  an  spherical  excluded 
volume.  If  the  kaolinite  suspensions  had  been  allowed  to  settle,  then  the  freezing  limit  would 
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most  likely  have  been  much  higher  due  to  preferred  plate  orientation. 

The  theoretical  description  of  two-phase  systems  presented  in  the  literature,  ranges  from 
simple  averaging  techniques  [17]  to  the  self-consistent  coherent  potential  approximation 
(CPA)  [18].  The  CPA  model  does  predict  a  peak  in  attenuation  at  40%  concentration  similar 
to  that  observed  in  our  data.  CPA  attributes  this  peak  to  a  liquid-solid  transition  after  which 
the  system  is  capable  of  sustaining  shear  stress  at  higher  concentrations.  However,  this  is 
not  evident  in  our  data  and  our  samples  still  show  a  fluid-like  behavior  at  the  concentration 
of  40%.  Hydrodynamic  models  like  those  of  Harker  [19]  include  viscous  and  inertial  effects 
to  describe  the  propagation  of  elastic  waves  through  a  suspension.  Their  model  predicts 
a  value  for  the  velocity  in  accordance  with  our  experimental  data  for  concentrations  lower 
than  40%.  But  at  this  critical  concentation  no  sudden  change  in  velocity  or  attenuation  is 
predicted. 

CONCLUSIONS 

Attenuation  and  velocity  measurements  of  compressional  waves  as  a  function  of  concen¬ 
tration  have  been  presented  for  different  suspensions.  At  a  critical  concentration  of  40%  a 
two-phase  system  undergoes  a  transition  due  to  the  decrease  in  relative  motion  between  the 
solid  and  liquid  phases.  This  critical  concentration  marks  an  onset  to  rigidity.  The  fluid  and 
solid  states  should  coexist  until  the  system  forms  an  interconnected  elastic  network  capable 
of  sustaining  shear  stresses  on  a  large  scale. 
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Abstract 

It  has  been  weU  established  by  theory  and  simulations  that  the  reaction  rates  of 
diffusion-limited  reactions  can  be  affected  by  the  spatial  dimension  in  which  they  occur. 
The  types  of  reactions  A  +  5->C,  A-f-A-t-A,  andA-|-C”>C  have  been  shown, 
theoretically  and/or  by  simulation,  to  exhibit  non-classical  reaction  kinetics  in  low  and 
fractal  dimensions.  We  present  here  experimental  results  from  several  ID  and  fractal 
systems. 

An  A-i-5  C  type  reaction  was  experimentally  investigated  in  a  long,  thin  capillary 
tube  in  which  the  reactants,  A  and  B,  are  initially  segregated.  This  initial  segregation 
of  reactants  means  that  the  net  diffusion  is  along  the  length  of  the  capillary  only, 
making  the  system  effectively  ID  and  allowing  some  of  the  properties  of  the  resulting 
reaction  front  to  be  studied.  The  reaction  rate  of  excitonic  fusion,  A  -F  A  A,  as  well 
as  trapping,  A  +  C  C,  reactions  were  observed  via  phosphorescence(P)  and  delayed 
fluorescence(F)  of  naphthalene  within  the  channels  of  Vycor  glass,  in  isotopically  mixed 
naphthalene  crystals  and  in  the  isolated  chains  of  dilute  polymer  blends.  In  these  exper¬ 
iments,  the  non-classical  kinetics  are  measured  in  terms  of  the  heterogeneity  exponent, 

/i,  from  the  equation:  Rate  ^  F  ~  which  gives  the  time  dependence  of  the  rate 

coefficient.  Classically  h  =  0,  while  h  -  1/2  in  ID,  as  well  as  in  the  fractal  dimensions 
discussed  here,  for  A  +  A  -►  A  as  well  as  A  -|-  C  -+  C  type  reactions. 


1  Introduction 

Non-classical,  diffusion-limited  reaction  kinetics  are  of  interest  both  in  their  own  right  and 
also  as  a  tool  in  material  sciences,  catalysis,  complex  liquids  and  intracellular  biochemistry 
[1,2].  Theoretically,  the  simplest  cases  of  non-classical  reactions  occur  for  one-dimensional 
topologies [3-25],  even  though  fractal,  disjoint  islands,  two-dimensional  and  even  three-dim¬ 
ensional  topologies  may  exhibit  anomalous,  non-classical,  reaction  kinetics  [18,26-28].  Sub¬ 
sequently,  there  is  an  abundance  of  theory  and  simulation  work  on  reaction  kinetics  in 
one-dimensional  topologies.  Experimentally,  ID  systems  pose  obvious  difficulties.  How¬ 
ever,  there  are  several  experimental  systems  which  have  been  utilized  successfully  to  ob¬ 
serve  non-classical  reaction  kinetics  in  ID.  We  also  present  results  from  experiments  done 
on  percolation  clusters.  Three  types  of  bimolecular  elementary  reactions  are  discussed  here: 
one  kind  (A  +  A  -+  products),  two  kinds  {A-\-  B  -¥  products)  and  pseudo-monomolecular 
(A  +  C  — >  C  -i-  products). 

The  non-classical  behavior  of  an  A-1-5  ->  C'  type  reaction  occurring  in  ID  was  studied  ex¬ 
perimentally  using  the  inorganic  complexation  reaction  of  disodium  ethyl  bis(5-tetrazolylazo) 
acetate  trihydrate  (’tetra’)  with  Cu^'^.  The  reaction  is  carried  out  in  long,  thin,  capillary 
tubes  with  the  reactants  A  and  B  initially  segregated  in  space.  The  reactants  meet  in  the 
center  of  the  capillary  forming  a  reaction  front.  The  kinetic  behavior  of  this  reaction  front 
was  predicted,  via  a  scaling  ansatz  [24],  to  be  non-classical  with  respect  to  the  temporal 
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behavior  of  the  position  of  the  center  of  the  reaction  front,  x/,  as  well  as  the  width  of  the 
front,  w,  and  the  local  reaction  rate  at  the  center  of  the  front,  rj.  The  global  reaction  rate, 
R,  was  also  determined  to  behave  non-classically  [35,36].  These  predictions  were  borne  out 
in  an  experiment  which  we  discuss  in  Sec.  2. 

A  number  of  experiments  have  been  performed  which  exhibit  the  non-classical  behavior  of 
products  (homofusion)  and  Ad-C  C-\- products  (heterofusion)  type  reactions  in 
one  or  fractal  dimensions.  The  photophysical  fusion  ’reaction’  of  excitons  traveling  through 
the  pseudo-one-dimensional  channels  of  Vycor  glass  or  within  the  clusters  of  isotopically 
mixed  molecular  crystals  exhibit  non-classical  reaction  kinetics  manifested  in  a  heterogeneity 
coefficient,  h,  giving  =  1/2  instead  of  the  classical  value,  =  0,  in  the  long-time  limit. 
Exciton  fusion  studies  were  also  performed  on  very  dilute  blends  of  PIVN/PMMA,  where 
isolated  chains  of  PIVN  are  insulated  from  exciton  cross-talk  by  the  exciton  inert  environment 
of  the  PMMA  host  [29].  Time  resolved  phosphorescence  and  delayed  fluorescence  intensities 
relate  to  the  exciton  population  and  the  fusion  rate,  respectively,  as  a  function  of  time. 
This  enables  the  comparison  of  experiment  with  theory  as  well  as  the  characterization  of  the 
polymer  system  and  the  exciton  interactions. 

The  heterogeneity  coefficient  was  chosen  as  the  parameter  by  which  to  experimentally 
measure  the  non-classical  reaction  rates  of  the  A  +  A  A  and  the  A  +  C  -+  C  elementary 
reactions  because  the  differential  rate  equations  for  both  reactions  can  be  written  easily  in 
terms  of  h.  For  any  batch  reaction,  (’batch’  =  all  reactants  introduced  at  <  =  0),  both 
A  +  A  AandA-fC-^  C  reactions  exhibit  ft  =  1/2  behavior  in  ID.  On  the  other 
hand,  the  integrated  rate  equations  of  the  two  reactions  differ  in  the  asymptotic  limit:  the 
A-\-  A A  reaction  has  an  algebraic  reactant  density  decay  while  the  A  -h  C  — ^  C  reaction 
has  a  stretched  exponential  decay.  However,  even  in  the  integrated  cases,  the  time  exponents 
are  both  1  —  ft  =  1/2  in  one  dimension.  Similar  relations  are  true  for  the  fractal  systems 
discussed  here. 

We  note  that  the  ID  systems  discussed  here  differ  significantly  from  previously  studied 
quasi-one-dimensional  systems  [30-32].  The  latter  are  essentially  two-  or  three-dimensional 
systems  with  highly  anisotropic  exci ton-exchange  interactions.  So,  for  a  short  time,  the  exci¬ 
ton  is  confined  in  one  dimension.  There  is  a  finite  probability,  however,  of  moving  along  other 
directions  (interchange  hopping),  resulting  in  2D  or  3D  behavior  over  longer  and  asymp¬ 
totically  infinite  times,  and  thus  usually  limiting  the  measurements  to  ultra  short  times. 
Moreover,  the  phonons  and  exciton-  phonon  interactions  in  these  systems  are  seldom  one 
dimensional.  In  contrast,  our  systems  are  truly  ID  over  long  times  and  there  is  no  reactant 
(exciton)  escape  or  tunneling  out  of  the  thin,  ID  systems.  Our  systems  may  behave  a5  3D 
systems  at  very  early  times,  but  will  cross  over  to  ID  behavior  at  longer  times  and  stay  so 
for  asymptotically  infinite  times. 


2  A+B  C  Where  A  and  B  Are  Segregated  Through¬ 
out  the  Reaction 

Analytical  work  on  an  A  -1-  5  ->  C  type  reaction-diffusion  process  in  an  effectively  one¬ 
dimensional  system  was  done  by  Galfi  and  Racz  [24].  In  their  model,  the  reactants  A,  with 
a  constant  density  Uoj  with  a  constant  density,  6o,  are  initially  separated.  They  meet 
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Figure  1:  Motion  of  the  reaction  front  with  time.  The  length  (x),  time  (t),  densities  (a,b)  of 
reagents  (A,B),  and  the  magnified  production  rate  (R*  =  lOOR  =  KiOkab)  of  C  are  all  scaled 
to  be  dimensionless.  As  an  initial  condition,  a  =  1,  6  =  0  for  a;  <  30  and  a  =  0,  6  =  0.5  for 
X  >  30.  The  position  of  the  center  of  the  reaction  front,  Xf,  is  indicated  by  the  arrow.  The 
top  figure  of  (b)  and  (c)  are  from  [24]. 

at  time  0,  forming  a  single  reaction  boundary,  which  makes  the  system  effectively  ID.  The 
motion  of  the  reaction  front  with  time  is  shown  in  Fig.  1.  This  model  is  similar  to  that  of 
Weiss  et  al.  [34]  for  the  reaction  A-\-C  where  A  is  a  one-dimensional  continuous  solute 

and  C  is  a  single  trap. 

The  results  of  a  set  of  reaction-diffusion  equations  for  a  and  6,  which  are  valid  in  the  long¬ 
time  limit,  show  that  x/,  the  position  of  the  center  of  the  reaction  front,  scales  as  x/  ~ 
while  w,  the  width  of  the  reaction  front,  scales  as  u;  ~  and  the  reaction  rate  at  the  center 
of  the  front,  r/  scales  as  r/  ^  It  was  also  determined[35,36]  that  the  global  reaction 

rate,  R.  scales  as  R i.e.: 

(1) 

Such  a  system  as  is  described  above  was  investigated  experimentally  using  the  inorganic 
complexation  reaction  of  disodium  ethyl  bis(5-tetrazolylazo)acetate  trihydrate  (’tetra’)  with 
[35].  This  reaction  produces  a  1:1  complex  in  water.  Gelatin  solutions  of  the  two 
reactants  are  introduced  into  opposite  ends  of  a  long,  thin  capillary  tube  (see  Fig.  2  ).  The 
two  reactants  meet  in  the  center  of  the  capillary,  forming  a  reaction  front.  The  use  of  gelatin 
allows  efficient  diffusion  but  little  or  no  convection  to  occur  and  aids  in  the  formation  of  a 
sharp  reaction  boundary.  The  absorbance  of  the  product,  a  1  :  1  Cu^'^  :  tetra  complex,  is 
monitored  at  fixed  time  intervals  by  scanning  with  a  detector  and  a  light  source  in  parallel, 
along  the  reaction  front  domain,  while  the  capillary  reactor  remains  fixed  in  space. 

Using  the  instantaneous  reaction  of  Cu^'^  with  ’tetra’,  investigated  under  initially  segre¬ 
gated  reactant  conditions,  allowed  the  study  of  the  further  segregation  of  the  reactants  in 
time  as  well  as  other  time  dependent  properties  of  the  reaction  front.  In  contrast  to  the 
classical  expectation,  the  two  reactants  do  not  inter  diffuse  with  time. 
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Figure  2:  (A)  Glass  capillary  reactor.  (B)  Top  view  of  the  experimental  set-up  used  to  obtain 
absorbance  measurements  of  the  reaction  front. 


Table  1: 


Time  exponents  for  reaction  front  parameters  of  the  A  B  C  reaction 
in  a  capillary. 


a 

0 

7 

s 

e 

Experiment 

Simulation 

Theory 

0.51  ±  0.03 
0.52  ±  0.03 
1/2 

0.17  ±0.03 
0.16  ±0.01 
1/6 

H 

0.53  ±  0.02 

0.52  ±  0.02 
1/2 

0.45  ±  0.01 

1/2 

“Here  xj  ^  R  ~  t~\  and  ave.  distance  from  the  origin  ~  t\  The  theory 

and  simulation  values  of  a,  7,  and  S  are  from  refs.  [24,39]  and  that  of  e  is  from  Einstein  s 
diffusion  theory  (see  refs.  [37,38]). 

^Difficult  to  measure  experimentally  and  in  the  simulation,  but  derivable  from  the  theoretical 
relation  [24,36]  7  =  +  5. 
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Rather,  a  reactant  gap  forms  and  grows  larger  with  increasing  time.  The  concentration 
of  A  and  B  within  the  gap  is  very  low  and  decreases  with  time  as  the  gap  size  increases  (see 
Fig.  1).  Thus,  the  initial  segregation  is  maintained  throughout  the  reaction  and  causes  the 
reaction  rate  to  decrease  in  time  as  (the  reaction  rate  in  the  reaction-limited  regime 

increases  with  time  as  The  results  are  summarized  in  Tab.  1.  and  agree  well  with 

theoretical  expectations.  ^ 

Self-ordering  and  segregation  effects  have  been  predicted  repeatedly  by  theory  and  simu¬ 
lations  to  affect  the  reaction  rate  of  diffusion-limited  elementary  A-\-B  reactions  in  ID 
(as  well  as  higher  dimensions).  However,  the  work  discussed  here  was  the  first  experimen¬ 
tal  study  to  show  the  existence  and  persistence  of  reactant  segregation  in  low  dimensional 
systems. 


3  Homofusion  vs.  Heterofusion 

Several  of  the  experiments  discussed  in  the  sections  below  employ  excited  state  naphthalene 
as  the  reactant,  A,  undergoing  the  process  AA  A Products  or  A  AC  C  A  Products, 
where  C  are  trapped  naphthalene  excitations  (also  designated  here  by  ).  The  excited 
state  naphthalene  participates  in  exciton  (physical)  reactions.  Both  the  fusion  (homofusion) 
and  trapping  (heterofusion)  reactions  that  occur  exhibit  binary  and  pseudo-monomolecular 
kinetics,  respectively.  This  is  a  result  of  the  fact  that  the  reactant,  excited  state  naphthalene, 
exists  in  two  forms,  mobile  species  and  trapped  species. 

For  exciton  fusion  in  perfect  crystalline  samples,  the  excitons  move  freely  and  at  random, 
resulting  in  binary  exciton-exciton  fusion  [9,25,41] 


AAA-*AAhi/ 


(2) 


where  hu  is  the  delayed  fluorescence, 
given  by 


The  fusion  rate,  R,  and  the  fluorescence  rate,  F,  are 
Fr^R=  kpA^  (3) 


where  pA  is  the  excited  molecule  or  exciton  density  and  k  is  the  rate  constant  of  the  reaction. 
In  most  samples,  however,  a  fraction  of  the  free  excitons  are  quickly  trapped,  resulting  in  a 
roughly  constant  density  of  trapped  excitons.  A',  which  gives  rise  to  a  pseudo-unary  fusion 
reliction  and  rate 

AA  A^  A*  A  hu  (4) 

F^R=  k'pA  (^) 


where  k*  =  kpA>^  In  addition,  the  triplet  excitations  undergo  natural  decay,  A  hu,  with 
lifetime  r:  ^  ^ 


Therefore,  the  overall  kinetic  analysis  of  the  data  should  be  in  the  form 


k 


JL 

pn 


(7) 


with  n  =  2  for  perfect,  trapless  samples  where  only  homofusion  occurs  and  n  —  1  for  samples 
with  traps,  where  heterofusion  prevails.  For  3D  samples  k,  and  log{k),  is  expected  to  be 
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Figure  3:  Exciton  fusion  rate  coefficient  in  porous  Vycor  glass,  —  kot  ^  vs.  time  on  a 
In-ln  scale,  n  =  2.  T  =  QK  and  h  —  0.44. 

constant  in  time  while  for  ID  samples  k  ~  and  so  a  plot  of  log{k)  vs.  log{t)  has  a 

slope  of  -1/2.  This  relationship  is  tested  with  naphthalene  exciton  fusion  and  trapping  in 
porous  glass  and  porous  membranes  by  monitoring  the  delayed  fluorescence  of  the  exciton- 
exciton  collision  product  and  the  phosphorescence  of  the  reactant  triplet  excitons;  effectively, 
measuring  the  long-time  limit  kinetics.  Similar  one-dimensional  experimental  tests  involve 
excited  naphthalene  molecules  in  solution  [44,45].  The  homofusion  reaction  is  also  monitored 
on  percolation  clusters  in  isotopic  mixed  crystals[9]. 


4  Exciton  Annihilation  in  Porous  Glass  and  Isotopi- 
cally  Mixed  Crystals 

In  the  experiments  discussed  in  this  section,  exciton  fusion  in  the  ID  channels  of  naphtha¬ 
lene  embedded  Vycor  glass  and  in  the  fractal,  percolating  structure  of  molecular  crystals  of 
isotopically  mixed  naphthalene  was  monitored  via  phosphorescence  and  delayed  fluorescence. 
Both  systems  exhibit  the  non-classical  reaction  kinetics  expected  for  a  homofusion  process, 
i.e.  A:(t) 

Vycor  glass  samples  provide  effective  ID  structures  in  which  to  test  non-  classical  rate 
laws.  Preparation  of  the  naphthalene  embedded  samples  and  the  optical  arrangement  are 
described  elsewhere  [46,47].  The  naphthalene  embedded  in  these  porous  substrates  forms 
crystalline  naphthalene  ’wires’,  the  diameters  of  which  are  that  of  the  pore  size  in  which  they 
are  embedded.  Typical  results  are  shown  in  Fig.  3.  The  data  are  analyzed  in  the  long-time 
limit  and  n  =  2,  as  can  be  seen  in  Fig.  3.  Thus,  homofusion  is  the  predominant  reaction. 

Experiments  of  triplet  exciton  homofusion  in  naphthalene  isotopically  mixed  crystals, 
CioHs  in  CioDs,  demonstrate  that  the  classical  approach  does  not  apply  in  general[9,42,43]. 
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Figure  4:  Exciton  fusion  rate  coefficients[9l  in  two  isotopically  mixed  naphthalene  crystals, 
^  =  kt~^  vs.  time  on  a  In-ln  scale,  n  =  2.  The  resulting  slope  for  the  12%  crystal 
corresponds  to  h  =  0.04,  in  good  agreement  with  the  classical  result.  In  contrast,  the  slope 
for  the  4%  crystal  corresponds  to  k  0.48. 


Different  concentrations  of  CioHs  in  CioDs  result  in  molecular  crystals  with  different  average 
cluster  sizes  of  naphthalene(guest)  in  perdeuteronaphthalene  (host).  Non-classical  behavior 
is  particularly  evident  for  samples  with  less  than  10%  naphthalene  in  perdeuteronaphthalene. 
Fig.  4  shows  that  a  12%  sample  behaves  classically,  i.e.  =  0,  while  a  4%  sample  exhibits 
”fractar  behavior,  h  =  0.48  ±  0.03,  due  to  the  cluster-limited  random  walks  of  the  excitons. 
An  8%  sample  gives  an  intermediate  h  value,  0.28. 


5  Exciton  Annihilation  and  Trapping  in  Isolated  Poly¬ 
mer  Chains 

In  this  section  we  report  on  studies  of  exciton  fusion  in  isolated  chains  of  poly(l-vinyl) 
naphthalene  polymer  (PIVN),  molecular  weight  (MW)  ~  10^  blended  in  poly(methyl- 
methacrylate)(PMMA),  MW  ~  1.54il0®.  Samples  of  0.005  %  and  0.01  %  (wt/wt)  PIVN- 
/PMMA  were  cast  as  thin  films  using  the  doctor  blade  technique  [48].  An  excimer  laser  was 
used  as  the  pulsed  excitation  source.  Decay  data  were  collected  about  10  milliseconds  after 
the  excitation  pulse  [29,49]. 

The  exciton  fusion  process  in  PIVN/PMMA  samples  has  been  shown  to  be  orders  of 
magnitude  more  efficient  than  it  is  in  naphthalene/PMMA  samples  [29,47],  evidence  that  the 
triplet  excitations  migrate  efficiently  along  the  entire  polymer  chain,  the  average  length  of 
which  is  on  the  order  of  100  monomers.  The  premise  for  these  experiments  is  that  chain- 
chain  hopping  can  be  neglected  for  these  very  dilute  blends,  but  triplet  exciton  hops  between 
adjacent  naphthalene  pendants  on  the  same  chain  are  quite  efficient  at  the  experimental 
temperature,  71 K.  This  hypothesis  is  corroborated  by  the  rate  law  measurements. 
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As  in  the  previously  discussed  exciton  fusion  experiments,  two  fusion  reactions  contribute 
to  the  delayed  fluorescence  decay:  homofusion  {A-\-A  — ^  products)  and  heterofusion  {A+C  -> 
C).  We  hypothesize  that  the  reaction  rate  observed  is  that  of  the  trapping,  heterofusion 
reaction.  The  heterofusion  rate  law  is  valid  after  most  of  the  traps  (defects,  etc.)  have  been 
discovered  and  occupied  by  freely  hopping  excitons.  The  electronic  excitation  is  confined  to 
the  naphthalene  moieties  of  the  PIVN.  The  resulting  triplet  excitation  hopping  is  limited 
to  a  range  of  approximately  5A,  thus  in  the  absence  of  neighboring  PIVN  chains,  exciton 
hopping  is  limited  to  a  single  chain.  These  chains,  not  being  tightly  coiled,  are  very  close  to 
true  ID  systems  since  they  have  an  approximate  hA  diameter  and  the  triplet  exciton  hopping 
length  is  on  the  order  of  5 A  as  well.  In  order  to  ensure  ID  topology,  the  blends  are  necessarily 
as  dilute  as  0.005  %  and  0.01  %.  Higher  PIVN  concentrations,  i.e.  1  %,  allow  cross-talk 
between  chains,  resulting  in  a  crossover  from  ID  to  3D  kinetics  as  the  concentration  of  PIVN 
is  increased. 

Data  obtained  from  this  experiment  are  consistent  with  a  heterofusion  model  -  the  data 
fit  eqn.  (7)  when  n  =  2,  see  Fig.  5.  The  heterogeneity  exponents  for  the  0.005  %  and  0.01 
%  PlVN/PMMA  samples  were  found  to  he  h  =  0.47  ±  0.05  and  0.53  ±  0.03,  respectively, 
in  good  agreement  with  the  theoretical  expectation  of  h  =  1/2.  On  the  other  hand,  the 
heterogeneity  exponent  for  the  pure  (100  %)P1VN  material  was  found  to  be  h  =  0.02  ±0.02, 
in  good  agreement  with  the  expectation  =  0  for  3D  (classical)  systems  [50]. 

In  summary,  for  the  ID  topology  of  the  PIVN  chains  embedded  within  a  PMMA  host, 
the  reaction  is  dominated  by  heterofusion  on  the  time-scale  in  which  the  measurements  are 
made  and  obeys  the  diffusion-controlled,  non-classical  kinetics  for  the  pseudo-monomolecular 
reaction  A-h  C  ^  C  A  Products  in  ID. 

6  Conclusion 

We  have  presented  the  results  of  several  experimental  systems  which  exhibit  non-classical 
reaction  kinetics  in  the  asymptotic  limit.  The  bimolecular  reaction  of  Cu^'^  with  ’tetra’ 
was  observed  in  capillary  tubes  where  the  reactants  are  initially  segregated  in  space.  The 
non-classical  behavior  of  some  temporal  properties  of  the  reaction  front  are  manifested  in 
anomalous  power  laws.  Excitonic  fusion  reactions  were  investigated  using  crystalline  naph¬ 
thalene  in  porous  glasses  and  in  isotopically  mixed  naphthalene  crystals.  In  both  cases, 
homofusion  is  the  predominant  process.  Fusion  reaction  kinetics  was  also  observed  on  iso¬ 
lated  PIVN  chains  in  PlVN/PMMA  polymer  blends  where  heterofusion  was  observed.  The 
non-classical  reaction  kinetics  observed  in  all  of  these  systems  was  measured  in  terms  of  the 
heterogeneity  coefficient,  h.  The  classical  value  of  h  is  h  =  0,  while  the  observed  value  was 
approximately  1/2  in  the  ID  and  fractal  topologies. 
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STUDY  OF  A+B-»C  and  A+2B->C  REACTION-DIFFUSION  SYSTEM 
WITH  INITIALLY  SEPARATED  COMPONENTS 


Andrew  Yen  and  Raoxil  Kopelman,  Department  of  Chemistry,  University  of 
Michigan,  Ann  Arbor,  MI  48109-1055 

ABSTRACT 

The  presence  of  a  reaction  front  is  a  characteristic  featnre  of  a  variety  of 
physical,  chemical  and  biological  processes.  The  reaction  exhibits  a  front  , 
provided  that  the  diffusing  reactants  are  separated  in  space.  We  study  the 
reaction  front  dynamics  of  both  A+B->C  bimolecular  and  A+2B->C 
termolecular  reactions  with  initially  separated  components  in  a  capillary.  We 
measure  and  compare  with  theory  and  simulations  the  dynamic  quantities 
that  characterize  the  kinetic  behavior  of  the  system:  the  global  reaction  rate 
R(t),  the  location  of  the  reaction  center  xf(t),  the  front's  width  w(t),  and  the 
local  production  rate  R(xf,t).  The  non-classical  nature  of  this  dynamical  system 
is  confirmed. 


INTRODUCTION 

Interest  in  reaction  fronts  has  greatly  increased  since  it  was  realized  that 
pattern  formation  in  the  wake  of  a  moving  front  is  quite  a  general  phenomenon. 
Reaction  front  dynamics  play  a  crucial  role  in  formation  of  patterns  in  the 
multistep  Belousov-Zhabotinksii  reactions^  and  Liesegang  ring  formation^. 
The  latter  is  thought  to  be  a  complex  interplay  between  the  dynamics  of  the 
reaction  front  and  the  nucleation  kmetics  of  the  precipitate. 

Theoretical  work  on  the  diffusion-reaction  system  with  initially  separated 
components  was  first  done  on  the  irreversible  A+B->C  type  reaction  by  Galfi 
and  Racz  3.  In  this  geometry  reactant  A  of  constant  density  ao  and  B  of 
constant  density  bo  are  initially  separated.  They  meet  at  time  0,  forming  a 
reaction  front,  which  makes  the  system  effectively  one-dimensional. 

The  following  set  of  mean-field  type  reaction-diffusion  equations  for  the  local 
concentrations  a  and  b  is  assumed  to  describe  the  system: 


~  =  DX<i-kab 

[1] 

—  =  Di,V^b-kab 
dt 

where  k  is  the  microscopic  reaction  constant.  The  equation  must  satisfy  the 
initial  separation  condition  along  the  separation  axis  x 
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a=:aoH(x)  b=:bo[l-H(x)]  [2] 


Where  H(x)  is  the  Heaviside  step  function.  The  long  time  behavior  was 
addressed  by  Galfi  and  Racz.  They  assume  that,  in  the  asymptotic  time 
domain,  R(x,  t)  has  a  scaling  form 


R{x,t)  =  (^-^)  [3] 


where  is  a.  scaling  function.  Their  study  shows  that,  in  the  long  time 

limit,  the  center  of  the  reaction  front  (xf),  and  the  front  width  (w)  scale  with 
time  as  Xf~th2  and  w~th6,  respectively,  while  the  production  rate  of  C  at  xf  ^  is 
proportional  to  t'^^. 

Cornell,  Droz  and  Chopard  studied  the  generalized  nA+mB— reaction  with 
initially  separated  components  using  a  cellular  automata  algorithm  for  the 
reaction-diffusion  of  the  particles'^.  Their  result  shows  that  for  the  A+2B— 
case  the  time  exponents  in  the  asymptotic  regime  for  the  center  of  the 
reaction  front  (xf)  and  the  width  (w)  of  the  front  scale  with  time  as  xf~t^2  and 
respectively,  and  that  the  production  rate  of  C  at  xf ,  is  proportional  to 

t-3/4. 


In  reality,  most,  if  not  aU  chemical  reactions  are  reversible.  It  is  shown  by 
Chopard,  Droz,Karapiperis  and  Racz^  that  the  reversible  A+B<— ->C  reaction- 
diffusion  process  can  be  described  in  terms  of  a  crossover  between  an^ 
irreversible  regime  at  short  times  and  a  reversible  regime  at  long  times.  In 
the  reversible  regime,  due  to  local  equihbrium,  the  dynamics  is  governed  by 
the  diffusion  process  and  the  critical  exponents  are  correctly  given  by  the 
mean-  field  approximation,  w-t^^,  R(xf,t)-constant  (independent  of  the 
dimension).  The  crossover  time  t  is  inversely  propotional  to  the  backward 
reaction  constant. 


EXPERIMENT 

To  study  the  long-time  behavior  of  the  A-i-B— >C  and  A+2B— >C  reactions, 
the  following  criteria  must  be  met.  First,  the  reaction  must  have  the  right 
stoichiometry  and,  second,  the  reaction  must  be  diffusion-limited. 

Disodium  ethyl  bis(5-tetrazolylazo)  acetate  trihydrate  tetra  forms  both  a 
1:  1  complex  and  2:1  complex  with  a  varity  of  caions^.  We  use 

Cu2+  +  tetra->l:l  complex 
to  study  the  A+B^C  case  and  use 
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Ni2+  +  2tetra->l:2  complex 


to  study  the  A+2B->C  case. 

Optical  measurements  are  used  to  monitor  the  dynamic  quantities  of  the 
reaction  A  computerized  system  is  used  for  this  purpose  (Fig  1).  The 
system  consists  of  a  halogen  lamp,  a  solenoid  with  two  filters  ,  a  PMT,  and  a 
stepping  motor.  The  on-off  of  the  lamp  and  solenoid  are  controlled  through  the 
parallel  port  of  the  computer  and  the  movement  of  the  stepping  motor  is 
controlled  via  a  stepping  motor  controller.  The  light  source,  solenoid  with  two 
filters,  slit  unit  and  detector  are  moved  together  by  the  stepping  motor  and  the 
glass  reactor  is  fixed  over  the  slit  unit  separated  from  all  other  units.  The  PMT 
is  connected  to  the  a/d  board  of  the  computer  to  convert  the  analog  data  into 
digital  data  and  then  to  be  stored  by  a  computer. 

Reactions  were  run  in  a  4x2  mm  rectangular  glass  reactor  at  room 
temperature.  The  two  reactants  were  injected  from  the  opposite  ends  of  the 
reactor.  The  reactants  meet  and  form  a  sharp  boundary  at  t=0.  The  first  scan 
along  the  reaction  front  starts  immediately  after  the  reactants  meet.  Each 
scan  takes  about  3  seconds  to  complete.  The  spatial  resolution  of  the 
experiment  is  0.1  mm.  Consecutive  scans  of  the  tetra  and  the  product  profiles 
are  taken  over  a  course  of  one  run.  The  time  interval  between  scans  increases 
from  the  order  of  5  minutes  to  the  order  of  30  minutes  during  each  run.  The 
profiles  of  absorbance  versus  position  x  are  obtained  at  different  times. 


Fig.  1  Top  view  of  the  experimental  set-up  for  absorbance 
measurement 
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RESULTS  AND  DISCUSSION 

We  obtain  optical  absorbance  of  the  accumulated  product  measured  at  a 
fixed  time  interval.  From  the  diJOferences  of  absorbances  of  the  total  product 
measured  at  consective  times  we  manipulate  the  time  exponents.  To 
determine  the  time  exponent  for  width  we  plot  width  vs  time  on  a  log-log  scale. 
The  global  rate  is  detennined  from  the  basehne  corrected  integrated  area  of  the 
differential  peak,  divided  by  the  appropriate  time  interval.  We  calculated  the 
time  exponent  for  the  global  rate  by  plotting  In  (global  rate)  vs  In  t .  The  local 
rate  exponents  were  obtained  form  subtraction  of  the  width  component  from 
the  global  rate  component. 

For  the  A+B->C  case  our  data  showed  a  clear  crossover  for  the  time 
exponent  at  around  250  minutes  (Fig  2,3).  The  expoents  are  listed  in  Table  I. 


4.8  5  5.2  5.4  5.6 

In  time 

ig.2  La  'width  vs  In  t  for 
A+B^C  case 


In  t 

Fig. 3  In  xf  vs.  In  t  for 
AtB — )C  case 


Table  I 


width 


center  of  the  front  global  rate 


early  late  early  late 


early  late 


Experimental  0.24  0.51  0.55  0 

Theoretical  0.17  0.50  0.50  0 


-0.40  0.55 

-0.50  0.50 


For  the  A+2B->C  case,  using  the  linear  fits  for  Fig  4  and  Fig  5,  we  obtained 
exponents  for  the  width  and  global  rate  to  be  0.266  and  0.449,  respectively, 
which  is  consistent  with  the  prediction  from  the  scaling  argument  (0.25,0.5). 
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Pig.4  In  global  rate  vs  In  t  for 
A+2B^C  case 


Fig.  5  In  width  vs.  In  t  for 
A+2B^  case 


The  local  rate  exponent  is  difficult  to  measure  directly  but  can  be  derived 
from  the  exponent  of  width  and  global  rate.  The  experimental  exponent  for  the 
local  rate  is  0.72  compared  to  0.75  predicted  by  theory. 


CONCLUSION 

We  studied  experimentally  the  reaction  front  dynamics  for  both  A+B— >C 
and  A+2B— >C  type  reactions  with  initially  separated  components.  We  found 
both  systems  to  have  non-classical  nature,  they  do  not  follow  mean  field 
behavior.  Also  we  confirm  the  reversibility  on  the  dynamics  for  the  A-i-B— >C 
case.  We  hope  that  the  understanding  of  reaction  difiusion  system  like  this  ■.-v  .  1 
help  us  to  understand  more  complicated  phenomena,  such  as  pattern 
formation  and  oscillating  chemical  systems. 
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ABSTRACT 

We  performed  dynamic  and  static  light  scattering  measurements  in  nematic  LC  (5CB) 
confined  in  silica  porous  glasses  with  average  pore  sizes  of  1000  A  (volume  fraction  of  pores 
40%)  and  100  A  (27%).  The  experiments  show  significant  changes  in  physical  properties  of 
confined  LC.  Nematic-isotropic  phase  transition  temperature  T/v/  is  depressed  by  0.6°C  in 
1000  A  pores  compared  to  that  bulk  value  and  this  phase  transition  was  not  detected  at 
all  in  100  A  pores.  We  found  that  even  about  20° C  below  bulk  melting  temperature  the 
relaxational  processes  in  confined  LC  were  not  frozen.  Slow  relaxation  process  which  does 
not  exist  in  the  bulk  LC  and  wide  spectrum  of  relaxation  times  (10“®  -  10)s  appear  in  both 
100  A  and  1000  A.  In  100  A  pores  slow  relaxation  exists  even  at  T  corresponding  to  the 
bulk  isotropic  phase.  Our  data  can  not  be  described  using  the  standard  form  of  dynamical 
scaling  variable  (i/r)  but  they  obey  activated  dynamical  scaling  with  the  scaling  variable 
X  =  Inijlnr. 

INTRODUCTION 

Investigations  of  condensed  matter  in  porous  matrices  have  revealed  various  new  prop¬ 
erties  and  effects  not  observed  in  the  same  substances  when  they  are  in  the  bulk  [l-8j.  The 
difference  between  the  surface  and  bulk  properties,  as  well  as  finite  size  effects,  are  manifested 
most  strikingly  in  the  case  of  liquid  crystals  (LC)  [9-13]. 

While  the  physics  of  the  light  scattering  in  isotropic  and  nematic  phases  of  the  bulk 
liquid  crystal  are  well  understood,  the  origin  of  fluctuations  responsible  for  light  scattering 
of  the  same  liquid  crystals  confined  in  random  porous  matrices  is  very  far  from  more  or 
less  complete  explanation.  In  the  isotropic  phase  of  liquid  crystals  the  intensity/intensity 
autocorrelation  function  ^2(0  depolarized  component  of  scattered  light  is  deterniined  by 
order  parameter  fluctuations  [14]  and  the  corresponding  decay  is  single  exponential  with 
relaxation  time  ~  (10”’^  -  10”®)5. 

In  the  nematic  phase  the  main  contribution  to  the  intensity  of  scattered  light  is  due  to 
the  director  fluctuations  [14]  and  in  the  monodomain,  uniformly  oriented  nematic  sample, 
there  are  two  modes  determined  by  these  fluctuations.  The  first  mode  is  determined  by  a 
combination  of  splay  and  bend  distortions  and  the  second  mode  by  a  combination  of  twist 
and  bend  distortions,  and  each  of  these  modes  is  described  by  single  exponential  decay 
function.  The  corresponding  relaxational  processes  are  described  [14]  by  the  macroscopic 
equations  of  nematodynamics.  The  relaxation  times  in  dynamic  light  scattering  experiment 
are  determined  by  visco-elastic  properties  of  nematic  liquid  crystal,  the  geometry  of  an 
experiment  and  light  polarization,  and  are  of  same  order  of  magnitude  ~  10“^5  for  both 
modes.  Since  the  investigation  of  the  dynamics  of  the  bulk  liquid  crystal  is  not  our  purpose 
and  we  discuss  bulk  properties  only  in  order  to  stress  the  difference  between  dynamics  in 
pores  and  in  the  bulk,  we  do  not  need  rigorous  consideration  of  the  dynamic  light  scattering 
in  the  nematic  pheise.  If  for  the  simplicity  we  assume  that  six  Leslie  coefficients  have  the  same 
order  of  magnitude  and  are  ~  r/  (t?  is  an  average  viscosity),  and  three  elastic  constants  (bend, 
splay  and  twist)  are  equal  {K)  then  the  relaxation  time  is  r  =  rj( Kq^  {q  =  47rn  sin(0/2)/A, 
n  is  refractive  index,  and  0  -  a  scattering  angle). 

At  the  moment  of  the  completion  of  this  paper  just  three  papers  [11-13]  on  the  investiga¬ 
tions  of  the  confined  liquid  crystals  by  dynamic  light  scattering  were  published.  In  the  first 
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study  [11]  of  the  nematic  ordering  of  the  liquid  crystal  8CB  in  sintered  porous  silica  by  the 
dynamic  light  scattering  (and  elastic  light  scattering)  the  results  obtained  at  the  nernatic- 
isotropic  phase  transition  in  silica  gel  were  explained  on  the  basis  of  the  gel  imposing  a 
random  uniaxial  field  on  the  liquid  crystal.  The  equilibrium  phase  transition  is  smeared 
out  by  the  randomness,  and  dynamically  the  system  exhibits  [11]  the  kind  of  self-sirnilarity 
that  is  associated  with  the  conventional  random-field  behavior,  it  was  found  that  liquid  cos¬ 
tal  shows  orientational  glasslike  dynamics  near  the  nematic-isotropic  phase  transition.  The 
major  mechanism  which  determines  the  observed  temporal  fluctuation  of  the  intensity  of 
scattered  light  is  the  order  parameter  fluctuations.  These  fluctuations  in  the  nematic  like 
state  are  very  slow  and  glasslike.  _ 

In  the  most  recent  investigation  [13]  of  the  dynamic  properties  of  8GB  in  an  aerogel  host 
by  dynamic  light  scattering  the  observed  dynamic  behavior  was  different  from  this  m  sintered 
porous  silica  [11],  nevertheless  according  to  Bellini  et  al  [13]  the  spin  glass  interpretation 
given  by  these  authors  [13]  and  the  random  field  interpretation  given  by  Wu  et  al  [11]  are 
consistent  if  the  geometrical  differences  between  two  matrices  are  taken  into  account. 

There  are  at  least  two  factors  influencing  on  the  dynamics  of  fluids  or  liquid  crystals 
in  confinement:  surface  interaction  and  geometrical  effects.  The  confinement  can  break 
the  symmetry  of  the  bulk  phase,  and  change  viscosity,  that  can  lead  to  a  modification  of 

dynamics.  .  ,  .  n  t-  i  r  ^ 

In  this  paper  we  present  the  results  of  investigations  of  the  influence  ot  the  corilinement 

and  interface  on  dynamic  behavior  of  nematic  liquid  crystal  impregnating  random  porous 
matrices  with  pore  sizes  of  100  A  and  1000  A  by  photon  correlation  spectroscopy.  Since  the 
volume  of  this  paper  is  limited  we  restrict  our  consideration  in  the  main  by  consideration  of 
results  obtained  for  100  A  pores.  We  present  for  comparison  purposes  some  data  on  inves¬ 
tigations  of  nematic  liquid  crystal  in  1000  A  pores.  Complete  results  of  these  investigations 
will  be  published  separately. 


EXPERIMENTAL 

We  performed  photon  correlation  measurements  using  a  6328  A  He-Ne  laser  and  the  ALV- 
5000/Fast  Digital  Multiple  Tau  Correlator  (real  time)  operating  over  delay  times  from  12.5 
ns  up  to  10^  s  with  the  Thorn  EMI  9130/100B03  photomultiplier  and  the  ALV  preamplifier. 
In  addition  we  used  ALV/LSE  unit  which  allows  simultaneously  with  photon  correlation 
measurements  monitoring  of  the  laser  beam  intensity  and  stability  of  its  space  position  as 
well  as  the  intensity  of  scattered  light  integrated  over  all  frequencies  (static  light  scattering). 
Depolarized  component  of  scattered  light  was  investigated.  Observation  of  the  depolarized 
component  of  the  scattered  light  makes  it  possible  in  the  isotropic  phase  of  bulk  liquid  crystal 
to  detect  the  contribution  connected  with  order  parameter  fluctuations  only,  and  for  LC  in 
pores  blocks  out  the  scattering  from  the  fixed  matrix  structure.  The  temperature  of  the 
samples  was  stabilized  and  measured  with  accuracy  better  than  20mK. 

Porous  matrices  with  thoroughly  interconnected  and  randomly  oriented  pores  with  av¬ 
erage  pore  size  of  1000  A  (volume  fraction  of  pores  40%)  and  100  A  (27%)  respectively, 
were  prepared  from  the  original  sodium  borosilicate  glasses  .  The  sodium  borate  phase  was 
removed  by  leaching,  and  the  matrix  framework  consisted  of  Si02.  The  nematic  liquid  crys¬ 
tal  we  used  was  pentylcianobiphenyl  (5CB).  The  phase  transition  temperatures  of  5CB  in 
the  bulk  are  Tcn  =  295A"  and  T^i  =  308.27AG  Empty  inatrices  were  heated  to  450'’C 
and  pumped  outj  this  was  followed  by  the  impregnation  with  the  liquid  crystals  from  an 
isotropic  melt.  In  dynamic  light  scattering  experiments  we  used  a  100  A  porous  glass  plates 
of  dimensions  1cm  x  1cm  x  0.2cm,  all  surfaces  of  the  matrices  were  optically  polished.  The 
polishing  procedure  was  performed  in  two  stages:  The  glass  plate  was  first  polished  before 
leaching,  and  then  it  was  polished  additionally  after  the  porous  structure  was  formed.  Since 
the  linear  size  of  optical  inhomogeneities  as  determined  by  the  pore  size  is  much  smaller 
than  the  wavelength  of  visible  light,  the  matrix  was  optically  transparent.  In  the  case  of 
1000  A  pore  matrices,  which  are  opaque,  in  order  to  reduce  the  contribution  from  multiple 
scattering,  the  thickness  of  the  samples  was  0.2  mm. 
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DYNAMIC  LIGHT  SCATTERING 


First  of  all  from  static  light  scattering  experiments  we  obtained  that  the  nematic  - 
isotropic  phase  transition  in  lOOOA  pores  is  smeared  out,  transition  is  not  as  sharp  as  in 
the  bulk  LC,  it  occupies  finite  temperature  region,  and  the  temperature  of  this  transition  is 
depressed  by  compared  to  that  bulk  value.  In  100  A  pores  there  is  no  well  defined 

phase  transition  from  ordered  phase  to  the  phase  in  which  long  range  order  is  completely 
absent,  or  opposite  from  disordered  phase  to  the  phase  with  perfect  long  range  orientational 
order. 

The  difference  between  the  dynamic  behavior  of  bulk  nematic  multidomain  5CB  and  5CB 
in  1000  A  as  well  as  in  100  A  pores  can  be  seen  by  comparison  of  curves  (1)  (2)  and  (3)  in 
Fig.  1. 


0.4 

0.3 

0-25 

0.1 

0.0 


t  (ms) 


Figure  1:  Intensity/intensity  autocorrelation  functions  for  5CB:  1  -  bulk  nematic  phase 
(opened  squares-experimental  data),  294.61  K,  solid  line  -  fitting  according  to  the  equation 
(1);  in  pores  (experimental  data):  2  -  5CB  in  100  A  pores,  295.84  K;  3  -  5CB  in  1000  A 
pores,  294.77  K. 

For  multidomain  liquid  crystal  in  nematic  phase  observed  correlation  function  slightly 
deviated  from  single  exponential,  and  best  fitting  was  provided  by  stretched  exponential 
decay  function 

gi{t)  ==  a  -  exp{-{t/Tf),  (1) 

with  0  =  0.95,  and  r  =  5.3  •  10“^s.  This  small  deviation  of  0  from  1  is  due  to  the  fact 
that  we  used  multidomain  sample  and  the  contribution  from  both  modes  is  present.  The 
relaxation  time  r  =  5.3  •  lO'^s  which  corresponds  to  the  curve  1  (Fig.  1)  is  in  agreement 
with  the  theory  [14].  It  is  clear  from  the  Fig.  1  that  the  relaxation  processes  of  5CB  in  both 
100  A  and  1000  A  matrices  are  highly  nonexponential. 

Slow  relaxational  process  which  does  not  exist  in  the  bulk  LC  and  broad  spectrum  of 
relaxation  times  (10~®  —  10)s  appear  for  5CB  in  both  100  A  and  1000  A  (Fig.  1).  It  is  clear 
that  the  data  for  5CB  in  pores  can  not  be  described  using  the  standard  form  of  dynamical 
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scaling  variable  (t/r).  It  is  reasonable  for  so  slow  dynamics  and  such  a  wide  spectrum  to 
use  ideas  of  activated  dynamical  scaling  with  the  scaling  variable  x  =  Int/lnr.  We  are  not 
able  to  find  the  correlation  function  (or  superposition  of  correlation  functions)  known  from 
previous  publications  which  would  satisfactorily  describe  the  whole  experirnental  data  from 
t  =  10“®ms  up  to  t  =  lO^ms.  However  we  found  that  in  the  time  interval  10  ms  —  10  ms  (d 
decades  on  the  time  scale)  and  the  temperature  range  (280  -  301)K  autocorrelation  function: 

—  a  ■  exp{—x^),  (2) 

where  a:  =  ln(tlTo)lln(T Itq),  and  in  our  case  Tq  =  10-^5  provides  the  best  fitting  ^r  SCB 
in  micropores  compared  to  other  conventional  decay  functions.  We  assume  that  lor  5013  in 
pores  we  measure  heterodyne  signal,  and  {g2{'^)  ~  l)//{^)  ~  9i{^)  • 

The  correlation  functions  for  5CB  in  100  A  pores  corresponding  to  different  ternperatures 
and  the  examples  of  fitting  the  data  by  decay  function  (2)  are  presented  in  the  Fig.  2. 


t(ms) 


Figure  2:  Autocorrelation  functions  for  5CB  in  100  A  pores  measured  at  different  tempera¬ 
tures.  1  -  T=296.08  K,  2  -  T=297.17  K,  3  -  T=299.75  K.  Solid  lines  show  fitting  using  the 
correlation  function  according  to  the  equation  (2)  with  the  parameters  (1):  z=2.23,  t=:0.49 
ms;  (2):  2.28,  0.42  ms;  (3):  2.14,  0.26  ms. 


The  parameters  z  for  the  curves  in  the  Fig.  2  are  about  2.  We  found  that  even  about  20° C 
below  bulk  melting  temperature  the  relax ational  processes  in  confined  LC  (both  in  100  A 
and  1000  A  pores)  were  not  frozen  while  the  amplitude  of  decay  function  gi{t)  decreases  with 
decreasing  temperature.  The  relaxation  time  of  slow  process  for  5CB  in  100  A  pores  strongly 
increases  when  temperature  decreases  from  300  K  up  to  280  K  variing  from  1.3  x  10  s  to 
0.08  s  in  this  temperature  range.  The  temperature  dependence  of  relaxation  times  obtained 
using  correlation  function  (2)  in  the  temperature  interval  (283-301) K  is  described  by  the 
Vogel- Fulcher  law  [15]: 

T=^Toexp(BI{T-To)),  (3) 


which  is  characteristic  of  glass-like  behavior.  These  relaxation  times  were  q  independent  at 
all  temperatures  under  investigation. 

The  parameters  for  5CB  in  100  A  in  formula  (3)  are:  Tq  —  1.45  •  10  B  =  469A  and 
To  =  247 A. 
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At  temperatures  above  ~  302/C  the  relaxation  process  separates  into  two  processes,  and 
this  separation  become  more  clear  with  further  temperature  rise  (Fig.  3). 


Figure  3:  Autocorrelation  functions  for  5CB  in  100  A  pores  measured  at  different  tempera¬ 
tures,  1  -  T=301.35  K,  2  -  T=302.05  K,  3  -  T=303.12  K. 

In  100  A  pores  the  slow  relaxational  process  exists  even  at  temperatures  corresponding 
to  the  bulk  isotropic  phase,  but  first  (fast)  process  dominates. 

We  attribute  the  first  (fast)  decay  in  100  A  pores  which  is  clearly  seen  at  the  temperatures 
above  301  K  to  fluctuations  of  order  parameter.  This  decay  dominates  at  high  temperatures. 
The  amplitude  of  the  slow  decay,  which  dominates  at  low  temperatures  decreases  with  in¬ 
creasing  temperature  and  is  almost  independent  at  temperatures  corresponding  to  the  bulk 
isotropic  phase. 

In  1000  A  pores  we  observed  two  decays  at  temperatures  below  nematic-isotropic  phase 
transition  temperature  in  pores.  The  first  part  {t  <  1ms)  of  the  correlation  function  in  Fig. 
1  (curve  3)  can  be  described  by  the  decay  function  (2)  with  ^  ~  0.9  and  r  ~  0.02ms.  This 
first  relaxation  time  is  weakly  temperature  dependent.  The  detailed  analysis  of  dynamic 
behavior  in  pores  of  different  sizes,  shape  and  structure  will  be  published  separately.  We 
would  like  to  note  that  nevertheless  first  decay  weakly  depends  on  temperature  it  imme¬ 
diately  vanishes  when  liquid  crystal  is  in  isotropic  phase.  The  slow  decay  also  vanishes  at 
temperatures  corresponding  to  isotropic  phase  in  1000  A  pores,  and  very  fast  decay,  typical 
for  relaxation  of  order  parameter  in  the  bulk  isotropic  phase  appears,  with  relaxation  time 
T  ^  10~®s.  Thus  slow  decay  in  both  pores  is  connected  with  existence  of  nematic  (or  nematic 
like  in  100  A  pores)  ordering.  Since  in  pores  surface  induced  nematic  ordering  exists  even 
at  sufficiently  high  temperatures  the  slow  decay  also  exists  at  temperatures  corresponding 
to  the  bulk  isotropic  phase.  One  of  additional  possible  explanatioYis  (together  with  picture 
suggested  in  [11,12]  and  domain  picture  [13]  )  may  be  formation  of  interfacial  layers  on 
the  pore  wall.  The  thickness  (that  means  and  volume  fraction)  of  these  layers  should  be 
temperature  dependent  and  achieves  its  minimum  magnitude  in  isotropic  phase.  The  min¬ 
imum  thickness  may  be  equal  to  the  thickness  of  monolayer.  In  1000  A  pores  the  volume 
fraction  of  first  layer  formed  on  the  pore  wall  is  very  small  and  due  to  this  reason  it  is  not 
detected  in  the  dynamic  light  scattering  experiment.  In  100  A  pores  even  if  the  thickness 
of  the  interfacial  layer  is  about  of  molecular  length  ~  20  A  the  volume  fraction  of  this  layer 
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is  big  enough  (note  that  pore  size  is  only  100  A)  to  provide  sufficient  contribution  to  the 
intensity  of  scattered  light  and  its  temporal  fluctuations.  The  temperature  dependence  of 
slow  relaxation  time  which  is  typical  for  glass-like  behavior  is  of  that  kind  just  simply  be¬ 
cause  liquid  crystal  does  not  crystalize  in  100  A  in  the  temperature  range  under  investigation. 


CONCLUSION 

The  static  and  dynamic  light  scattering  experiments  show  significant  changes  in  physical 
properties  of  liquid  crystals  confined  in  random  porous  media.  Nematic-isotropic  phase  tran¬ 
sition  temperature  T/v/  of  5CB  is  depressed  by  O.O'^C  in  1000  A  pores  compared  to  that  bulk 
value  and  this  phase  transition  was  not  detected  at  all  in  100  A  pores.  Slow  relaxatmn  pro¬ 
cess  which  does  not  exist  in  the  bulk  LC  and  wide  spectrum  of  relaxation  times  (10  -  lOjs 

appear  in  both  100  A  and  1000  A.  Temperature  dependence  of  corresponding  relaxation 
times  is  described  by  the  Vogel-Fulcher  law  which  is  a  characteristic  of  glass-like  behav¬ 
ior.  The  slow  dynamics  detected  by  dynamic  light  scattering  and  extrernely  wide  spectrum 
of  relaxation  times  still  remain  unexplained  and  further  systematic  investigations  are  needed. 
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Abstract 

We  have  used  Brillouin  light  scattering  (BLS)  to  measure  the  glass  transition  temperature 
of  thin,  freely-standing  poly(styrene)  (PS)  films.  The  freely-standing  films  were  prepared  by 
spincoating  solutions  of  PS  in  toluene  onto  glass  substrates,  annealing  the  supported  films 
in  vacuum,  and  then  using  a  water  surface  transfer  technique  to  place  the  films  across  a 
3  mm  diameter  orifice.  Ellipsometry  measurements  of  similar  floated  films  transferred  to 
Si(OOl)  wafers  allow  the  determination  of  the  film  thicknesses.  Atomic  force  microscopy 
measurements  revealed  that  the  films  have  an  rms  roughness  of  less  than  10  A.  With  the 
freely-standing  films  placed  in  an  optical  furnace,  we  performed  BLS  measurements  of  the 
films  using  a  high-contrast,  multipassed,  tandem  Fabry-Perot  interferometer.  We  obtained  a 
reliable,  reproducible  measure  of  the  glass  transition  temperature,  from  the  large  changes 
in  the  frequencies  of  the  thermally-excited,  viscoelastic,  film-guided  waves  within  the  PS  films 
as  the  films  were  heated  above  Tg.  BLS  results  for  bulk  PS  and  a  1800  A  thick,  freely-standing 
PS  film  are  presented.  We  find  the  same  glass  transition  temperature  for  the  1800  A  thick 
film  as  the  bulk  PS  sample.  This  T^  value  is  the  same  as  that  obtained  using  differential 
scanning  calorimetry  (DSC). 


Introduction 

One  of  the  fundamental  properties  of  a  polymer  is  its  glass  transition  temperature,  Tp.  At 
temperatures  below  this  value  the  polymer  is  hard  and  glassy,  while  above  this  temperature 
the  material  is  soft  and  rubber-like.  A  number  of  different  techniques  have  been  employed  to 
measure  this  glass-rubber  transition  in  polymer  samples.  Some  techniques,  such  as  DSC  and 
differential  thermal  analysis  (DTA)  involve  measurement  of  changes  in  the  thermal  properties 
of  the  polymer  as  the  temperature  is  varied  to  detect  the  transition.  Other  techniques,  such  as 
rheology  and  ultrasonics,  involve  the  measurement  of  changes  in  the  viscoelastic  properties. 
Given  samples  with  equivalent  thermal  histories,  these  methods,  under  the  same  heating  or 
cooling  rate,  give  the  same  value  for  T^fl].  All  of  the  above  techniques  are  restricted  to 
measure  the  glass  transition  of  bulk  samples. 

Recently,  much  attention  has  been  focussed  on  the  properties  of  polymers  confined  to 
a  thin  film  geometry.  Thin  films  have  a  large  surface  area  to  volume  ratio  and  surface 
energetics  can  play  an  important  role  in  determining  the  physical  properties  of  the  film, 
Beaucage  et  a/. [2]  have  shown  that  ellipsometry,  traditionally  used  only  to  measure  the  film 
thickness,  can  also  be  used  to  measure  T^  of  thin  polymer  films.  More  detailed  ellipsometric 
studies  by  Keddie  et  a/.[3]  on  poly(styrene)  (PS)  films  of  varying  thickness  have  shown  that 
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of  thin  {h  <  500A)  films  spincoated  onto  Si  substrates  is  lower  than  of  bulk  PS. 
Extension  of  the  technique  to  other  polymers  and  substrate  surfaces  revealed  that  the  sign 
and  magnitude  of  the  change  in  relative  to  its  bulk  value  depends  rather  strongly  on 
the  substrate  used[4].  This  is  due  to  the  different  energetics  contributed  by  the  polymer-air, 
and  polymer-substrate  interactions.  An  obvious,  but  technically  challenging,  way  to  avoid 
this  problem  is  to  eliminate  the  substrate  and  measure  the  glass  transition  temperature  of 
freely-standing  films. 

Brillouin  light  scattering  (BLS)  has  been  used  previously  to  probe  the  high  frequency 
viscoelastic  properties  of  polymers.  Study  of  the  temperature  dependence  of  the  acoustic 
phonon  frequencies  gives  rise  to  another  successful  technique  for  measuring  the  glass  transi¬ 
tion  temperature  of  bulk  samples[5].  BLS  has  also  been  used  to  study  supported  [6], [7]  and 
freely-standing[8]  thin  films  by  observing  light  scattering  from  the  various  guided  acoustic 
modes.  The  thin  film  acts  as  an  acoustic  waveguide,  allowing  propagation  of  those  modes 
satisfying  the  mechanical  boundary  conditions  at  both  film  surfaces.  By  examining  these 
modes  as  the  temperature  is  varied,  one  can  identify  the  glass  transition  of  thin  polymer 
films.  The  application  of  BLS  to  measure  Tg  for  PS  films  supported  on  Si  substrates  has 
been  considered  previously  by  Butcher  et  a/. [9].  In  the  supported  films,  the  glass  transition 
is  marked  by  a  dramatic  increase  in  the  phonon  linewidth  as  the  temperature  is  raised  above 
Tg.  A  limitation  of  this  technique  is  that  for  films  with  thicknesses  much  less  than  the  phonon 
wavelength  (A  ~  3000  A),  the  properties  of  the  waves  are  dominated  by  the  substrate,  and 
changes  in  the  mechanical  properties  of  the  very  thin  films  are  difficult  to  detect.  In  this  pa¬ 
per  we  report  using  BLS  to  measure  the  glass  transition  temperature  in  thin,  freely-standing 
films  of  PS.  To  the  best  of  our  knowledge,  these  are  the  first  measurements  of  T^  for  thin, 
freely-standing  polymer  films. 


Experimental 

The  freely-standing  polymer  films  were  prepared  using  the  spin  coating  technique.  Solutions 
of  various  concentrations  of  PS  in  toluene  were  prepared.  The  anionically  polymerized  PS, 
obtained  from  Polymer  Source  Inc,  had  =  691, 000  with  =  1.11.  A  few  drops  of 

solution  were  placed  on  a  cleaned  glass  microscope  slide.  The  slide  was  then  spun  at  4000 
rpm  for  30  s.  The  resulting  films  on  glass  were  annealed  in  vacuum  at  110°C  for  12  hours 
and  then  cooled  slowly  (<  l®C/s)  by  turning  off  the  oven.  While  this  does  not  produce  a 
constant  cooling  rate,  it  is  the  same  for  all  samples  studied.  The  annealed  films  were  then 
cut  with  a  sharp  blade  into  squares  of  approximately  1  cm^  and  floated  off  the  glass  slides 
onto  a  distilled  water  surface.  A  square  of  the  floating  film  was  deposited  onto  a  PS  coated 
stainless  steel  sample  holder  with  a  3  mm  orifice  in  the  centre.  Samples  of  the  floating 
film  were  also  transferred  to  Si  wafers  so  that  their  thicknesses  could  be  determined  using 
ellipsometry.  The  surface  roughness  of  the  supported  films  was  investigated  using  atomic 
force  microscopy  (AFM).  Floated  films  transferred  onto  Si  appeared  to  be  of  comparable 
quality  to  films  directly  spun  onto  Si  wafers.  We  observed  the  appearance  of  several  large 
cracks  on  these  films  upon  transferring  to  the  Si  wafers.  Optical  microscopy  investigations 
of  the  freely  standing  films  reveal  no  such  cracking.  AFM  investigation  of  films  floated  onto 
Si  show  no  cracks  at  smaller  length  scales,  and  an  rms  surface  roughness  of  less  than  10  A. 
The  freely-standing  films  were  dried  in  air  at  50°  C  for  up  to  8  hours  to  remove  any  adsorbed 
water.  Once  dried,  the  films  were  examined  visually  to  ensure  that  there  were  no  holes. 

Measurement  of  the  high  frequency,  film-guided,  acoustic  modes  in  the  freely- standing 
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films  were  performed  using  a  high  contrast,  tandem  (3+3  passes),  Fabry-Perot  interferometer, 
p-polarised  light  from  an  Ar"*"  laser  was  focussed  onto  the  sample  using  a  50  mm,  f/2  camera 
lens.  The  diameter  of  the  focussed  light  spot  on  the  sample  was  20^m.  The  unpolarised 
scattered  light  was  collected  using  the  same  camera  lens  in  a  180°  backscattering  geometry. 
The  angle  of  incidence  of  6i  —  45°  gives  a  phonon  wavevector  Q|j  =  1.73  x  10^  cm“^.  The  free 
spectral  range  of  the  interferometer  was  10  GHz.  For  bulk  PS  samples  the  free  spectral  range 
was  20  GHz.  The  quality  of  the  sample  at  the  focussed  light  spot  could  be  inferred  from 
an  inspection  of  the  specularly  reflected  light  spot.  Reflections  from  smooth  areas  of  the 
film  gave  a  well-defined  circular  spot.  The  sample  was  placed  in  an  optical  furnace[9l,  and 
the  sample  temperature  was  monitored  using  a  Copper/Constantan  (type  J)  thermocouple 
junction.  All  data  were  collected  by  heating  the  films  from  room  temperature  through  the 
glass  transition  temperature.  Each  BLS  spectrum  was  collected  at  constant  temperature, 
for  about  500  s.  If  the  temperature  changed  by  more  than  0.5  °C  during  the  measurement, 
the  spectrum  was  aborted.  The  maximum  heating  rate  during  the  collection  of  a  BLS 
spectrum  is  thus  0.001  °C/s.  The  heating  rate  between  different  temperatures  used  for  the 
BLS  measurements  is  much  greater  but  it  is  still  less  than  l°C/min. 


Results  and  Discussion 

The  use  of  BLS  to  measure  the  glass  transition  in  bulk  polymers  is  well  known. [5]  We  studied 
the  temperature  dependence  of  the  bulk  longitudinal  phonon  frequency  for  comparison  with 
the  thin  film  results.  In  figure  1(a)  we  show  the  frequency  of  the  longitudinal  phonon  in 
bulk  PS  as  a  function  of  temperature.  There  are  clearly  two  different  linear  regions  between 
frequency  and  temperature.  The  slope  of  the  low  temperature  region  is  1.3  x  10“^GHz/°C, 
and  that  of  the  high  temperature  region  is  3.7  x  10~^GHz/°C.  We  take  the  intersection  of 
these  two  lines  as  a  measure  of  the  glass  transition  temperature  T^.  For  this  sample  we  find 
T^  =  97  ±  2°C.  We  measured  T^  for  two  identical  bulk  samples  using  two  different  laser 
powers  to  ascertain  the  magnitude  of  laser  heating  produced  by  the  focussed  laser  light.  No 
such  heating  could  be  detected.  The  Tg  value  determined  using  BLS  is  the  same  as  that 
measured  using  DSC  on  a  sample  of  the  same  polymer  with  the  same  annealing  history,  and 
heating  rate. 

The  acoustic  modes  probed  in  BLS  measurements  of  thin  films  are  guided  by  reflections 
from  the  film  surfaces.  The  particle  displacements  of  these  modes  are  of  mixed  polarisation, 
i.e.  partially  longitudinal,  and  partially  transverse.  For  an  unsupported  film,  the  modes 
(called  Lamb  modes)  are  split  into  two  groups.  Antisymmetric  (A)  Lamb  modes  have  a 
longitudinal  component  antisymmetric  about  the  central  plane  of  the  film,  and  a  symmetric 
transverse  component.  Symmetric  (S)  Lamb  modes  have  the  opposite  symmetry.  The  low¬ 
est  frequency  mode  is  the  first  antisymmetric  mode  (Aq).  As  Qy/i  is  decreased  below  2,  the 
frequency  of  the  Aq  mode  approaches  zero.  In  contrast  the  frequency  of  the  second  lowest 
frequency  mode  (So)  approaches  a  value  determined  by  the  longitudinal  sound  velocity  of 
the  film.  Particle  displacements  for  the  So  mode  are  primarily  longitudinal  for  small  values 
of  Qjjh.  Because  of  its  longitudinal  character,  changes  in  the  So  mode  frequency  with  tem¬ 
perature  are  likely  to  resemble  the  bulk  longitudinal  phonon  measurements.  An  additional 
advantage  of  studying  the  first  symmetric  mode  is  that  for  small  Qyh,  the  frequency  of  this 
mode  has  very  little  variation  with  Qyh.  This  makes  the  measured  frequency  insensitive 
to  the  occasional  fluctuations  in  the  angle  of  incidence  which  sometimes  occur  with  thin, 
freely-standing  films. 
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Figure  1:  Temperature  dependence  of  the  longitudinal  phonon  frequency  in  bulk  PS  (a),  and 
the  So  mode  frequency  of  a  1800  A  thick  PS  film  (b). 


The  frequency  shift  of  the  first  symmetric  Lamb  mode  (So)  as  a  function  of  temperature 
for  a  1800  A  PS  film  is  shown  in  figure  1(b).  For  temperatures  less  than  95®C  there  is  a 
very  small  but  linear  shift  with  temperature  (2.9  x  10“^GHz/°C).  To  check  the  uniformity 
of  the  sample,  BLS  spectra  were  collected  for  a  number  of  different  spots  on  the  film.  The 
small  spot-to-spot  variation  in  the  So  frequency  is  the  main  reason  for  the  scatter  in  the 
low  temperature  data  of  figure  1(b).  The  small  magnitude  of  this  scatter  implies  that  the 
thickness  and  mechanical  properties  of  the  film  are  uniform  across  the  him  plane.  For 
T  >  96°  C,  there  is  a  much  larger  change  in  the  frequency  shift  with  temperature.  The 
slope  of  this  high  temperature  line  is  3.5  X  10“^GHz/°C.  As  in  the  case  of  bulk  PS,  the 
large  contrast  between  the  slopes  of  the  two  linear  regions  allows  us  to  obtain  an  accurate 
measure  of  the  glass  transition  temperature,  T^.  For  the  1800  A  him  we  hnd  T^  =  96  ±  2°C. 
This  Tj  value  is  the  same  as  that  measured  for  bulk  PS. 

Not  surprisingly,  we  hnd  that  the  hlms  develop  small  holes  when  held  at  temperatures 
above  T^.  The  rate  at  which  these  holes  develop  increases  with  increasing  temperature.  At 
temperatures  greater  than  30°  C  above  T^  hole  formation  is  so  rapid  that  BLS  spectra  cannot 
usually  be  acquired  before  him  rupture.  For  this  reason,  it  is  necessary  to  collect  data  points 
with  a  small  enough  temperature  difference  that  a  sufficient  number  of  points  are  obtained 
in  the  high  temperature  region  for  a  convincing  linear  ht.  For  the  1800  A  thick  him,  BLS 
spectra  could  not  be  acquired  for  T  >  130°C. 

Interestingly,  the  ultimate  rupture  of  the  freely-standing  rubber-like  him  is  not  the  phe¬ 
nomenon  limiting  the  collection  of  data  at  these  high  temperatures.  For  temperatures  T  >  T^ 
the  relative  intensity  of  the  modes  changes  dramatically,  and  for  T-T^  >  20°G  ,  the  intensity 
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Figure  2:  BLS  spectra  of  a  1800  A  freely- standing  film.  Sample  temperatures  are  from  top 
to  bottom,  (a)  2rC,  (b)  109.7°C,  (c)  114.5°C  and  (d)  117.5°C. 

of  the  So  mode  decreases  such  that  it  is  no  longer  observable.  Representative  BLS  spectra  at 
three  temperatures  near  T^,  as  well  as  the  room  temperature  spectrum,  are  shown  in  figure  2. 
The  room  temperature  BLS  spectrum  is  dominated  by  the  So  peak  at  ~  4.5  GHz.  For  a  1800 
A  thick  film,  the  Ao  mode  frequency  is  so  low  that  it  is  obscured  by  the  central  elastic  peak. 
The  measured  linewidth  of  ~  1  GHz  is  substantially  larger  than  the  0.4  GHz  instrumental 
linewidth.  The  peak  broadening  is  caused  by  the  large  spread  in  scattering  wavevectors  due 
to  the  large  light  collection  aperture.  This  effect  can  be  minimised  by  inserting  a  rectangular 
slit  in  the  optical  path[10].  Spectrum  (b)  is  also  dominated  by  the  So  mode.  The  difference 
in  intensities  between  spectra  (a)  and  (b)  is  simply  a  result  of  shorter  data  acquisition  times 
used  when  the  sample  temperature  is  greater  than  T^.  Spectrum  (c)  (T  —  T^  ^  20°C)  also 
exhibits  the  So  mode,  but  the  higher  frequency  Ai  mode  is  almost  of  equal  intensity.  In 
spectrum  (d)  of  figure  3  (T  -  T^  ~  22°  C)  the  So  mode  has  been  reduced  in  intensity,  as  well 
as  shifted  downward  in  frequency,  such  that  the  mode  is  no  longer  observed.  At  all  higher 
temperatures  only  the  Ai  peak  can  be  resolved. 
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Summary 

We  have  succesfully  made  freely-standing  films  of  PS  with  thicknesses  h  ~  2000A.  Using 
BLS  to  measure  the  temperature-dependent  viscoelastic  modes  of  the  films  allows  us  to 
obtain  a  well-defined,  reproducible  value  for  the  glass  transition  temperature  T^.  The  value 
of  for  a  1800  A  thick  film  was  found  to  be  the  same  as  that  of  bulk  PS.  Extension  of  this 
technique  to  smaller  film  thicknesses  is  currently  under  investigation. 
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Abstract 

We  study  the  A  -f  5  -+  5  trapping  reaction  under  steady  state  conditions  for  the 
case  in  which  both  A  particles  and  traps(5)  are  mobile.  Using  Monte  Carlo  simulations, 
we  foUow  the  kinetic  rate  law  in  one  dimension.  Anomalies  arise  due  to  self-organization 
of  the  A  particles,  which  results  in  a  slower  steady  state  reaction  rate  than  is  predicted 
classically.  We  find  a  partial  order  of  reaction  with  respect  to  trap  density  of  X  =  2,  and 
an  overall  order  for  the  reaction  of  Z  =  3.2.  These  results  are  in  agreement  with  other 
works  which  predict  an  exponential  rather  than  an  algebraic  decay  law  with  respect  to 
the  A  particle  density. 


INTRODUCTION 

The  diffusion  limited  reaction  of  particles  in  the  presence  of  trapping  centers  [1,  2]  is  represen¬ 
tative  of  many  chemical  and  physical  processes  [3,  4,  5].  The  kinetics  of  the  trapping  reaction, 
which  can  be  represented  by  the  equation  A  -f  R  5,  has  been  intensely  investigated  since 
the  pioneering  work  of  Smoluchowski  [6].  The  survival  probability  of  a  particle  diffusing  in  a 
medium  with  a  random  distribution  of  fixed  traps  has  been  intensively  studied  under  batch 
conditions  on  Euclidean  spaces  [7]  and  on  fractal  structures  [8].  The  steady  state  properties 
of  the  trapping  reaction  have  been  investigated  theoretically  in  3-D  [9],  where  an  anomalous 
dependence  of  the  rate  of  reaction  on  trap  density  is  found,  and  on  fractal  structures  [10,  11] 
where  an  anomalously  high  partial  order  of  the  reaction  is  found  for  the  trap  density. 

The  trapping  problem  has  been  studied  in  1,2  and  3  Euclidean  dimensions  [1,  2,  9,  12] 
as  well  as  in  fractal  dimensions  under  various  conditions  [13],  i.e.  A's  move,  traps  sit;  traps 
move,  A's  sit;  or  both  A‘s  and  traps  move.  Previous  work  on  A-\-  B  B  under  steady  state 
conditions  focused  on  the  reaction  of  A  particles  with  a  random  distribution  of  fixed  traps 
on  percolation  clusters  (d^  <  2)  [10]  or  on  a  Sierpinski  gasket  [14].  The  effect  of  a  hard  core 
exclusion  condition  on  the  functional  form  of  the  rate  law  has  recently  garnered  attention 
in  the  literature  [15,  16]  and  while  the  trapping  problem  has  been  intensively  studied  under 
many  different  conditions,  it  is  not  completely  understood. 

We  present  here  our  results  from  Monte  Carlo  simulations  of  the  A  +  5  5  trapping 

reaction  in  ID  under  steady  state  and  hard  core  exclusion  (excluded  volume)  conditions.  Both 
A’s  and  B*s  (traps)  are  allowed  to  perform  random  walks.  The  nearest  neighbor  distance 
(NNd)  distribution  of  A  particles  is  non-  Poissonian  at  steady  state;  the  A  particles  are  more 
closely  packed  than  in  a  random  distribution.  The  NNd  distribution  of  moving  traps  {B)  is 
random  at  all  times.  We  find  that  the  partial  orders  of  reaction  with  respect  to  pA  Q-nd  ps 
are  1.22  and  2.01,  respectively,  resulting  in  an  overall  order  of  reaction  of  approximately  3 
instead  of  the  classical  overall  order  of  2. 
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Figure  1:  Approach  to  the  steady  state  reaction  rate  for  different  particle  densities  on  a  10,000 
site  ID  lattice.  pA  =  pB  in  all  cases.  Top  curve  to  bottom  curve,  respectively,  densities  are 
0.4,  0.3,  0.2,  0.1,  0.05  particle/site  for  both  A  particles  and  B  traps. 

METHOD  OF  SIMULATION 

Monte  Carlo  computer  simulations  are  often  used  to  model  random  processes  involving  ran¬ 
dom  Brownian  motion  [11, 17, 18].  Our  computer  simulations  for  diffusion-controlled  chemical 
reactions  are  performed  according  to  the  following  algorithm:  A  population  of  reacting  par¬ 
ticles  is  initially  placed  on  a  lattice  by  randomly  choosing  the  coordinates  for  each  particle. 
The  diffusive  motion  of  the  reactive  particles  is  modeled  by  independent  random  walks  of 
the  individual  particles.  The  coordinates  of  all  particles  are  monitored  as  a  function  of  time. 
Steps  are  to  nearest-neighbor  sites  only.  There  is  no  interparticle  interaction. 

Reaction  occurs  when  an  A  and  a  B  particle  collide.  No  reaction  occurs  if  two  A  particles 
(or  two  B  particles)  collide.  If  an  A{B)  particle  attempts  to  land  on  a  site  already  occupied 
by  another  A{B)  particle,  the  particle  does  not  move  in  that  time  step  (excluded  volume 
condition).  Every  collision  of  an  A  particle  with  a  B  particle  leads  to  a  reaction  with  proba¬ 
bility  one.  In  the  event  of  a  reaction,  the  B  particle  remains  on  its  site  while  the  A  particle  is 
removed  from  the  lattice  and  randomly  re-landed  before  any  other  particle  attempts  a  move. 
The  density  of  particles  remains  constant  at  all  times  since  the  B  particles  are  never  removed 
and  the  A  particles  are  randomly  relanded  as  soon  as  they  react.  The  rate  of  reaction  and 
the  NNd’s  of  the  A  particles  and  the  B  traps  are  monitored. 


RESULTS  AND  DISCUSSION 


For  the  system  under  study  the  total  number  of  particles  on  the  lattice  is  the  same  at  all 
times;  for  every  reaction,  the  B  particles  (traps)  are  not  affected  while  the  A  particles  are 
removed  from  the  lattice  and  randomly  relanded.  As  a  consequence  of  this  condition,  the 
source  term  equals  the  rate  term  at  all  times.  We  observe  an  initial  drop  in  the  reaction 
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Figure  2:  Distribution  of  nearest  neighbor  distances  (NNd)  between  like  species,  at  time, 
t  —  0  and  t  =  10^  steps.  The  trap  NNd  distribution  remains  random  (top)  while  the  A 
particle  distribution  becomes  more  compact  (bottom). 

rate  (see  Fig.  1)  as  the  system  shifts  from  a  random  distribution  in  both  particle  types  to  its 
more  ordered  state.  We  use  the  time  averaged  rate  of  reaction  at  steady  state  to  determine 
the  density  dependence  of  the  rate  law. 

We  measure  the  distribution  of  particles  in  terms  of  a  nearest  neighbor  distance  (NNd) 
distribution  of  same  type  particles  [18].  Fig.  2  shows  the  NNd  distribution  of  A  particles  and 
B  traps  at  <  =  0  and  <  -  10'*  steps.  As  can  be  seen  from  this  figure,  the  trap  distribution 
obviously  remains  Poissonian  but  the  A  particles  become  more  tightly  packed,  a  configuration 
which  results  in  a  higher  survival  probability  of  A  particles,  and  thus  lowers  the  reaction  rate. 
The  steady  state  reaction  rate,  J?,,,  can  be  expressed  by  the  equation 

Rate,.  =  (1) 

where  is  the  steady  state  rate  constant.  Alternatively,  we  could  express  R,,  in  terms 

of  the  density  dependent  rate  coefficient,  A;as(c)  =  K^aapB  where  d  is  the  dimension  of 
the  space  in  which  the  reaction  occurs.  Figs.  3  and  4  plot  the  results  of  the  Monte  Carlo 
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Figure  3:  R,s  vs.  pa  on  a  10,000  site  ID  lattice.  The  trap  density  is  ps  =  0.2  particle/site. 
The  slope  of  the  line  represents  the  partial  order  of  the  reaction  with  respect  to  A  particle 
density. 

simulations  in  which  the  steady  state  reaction  rate  is  monitored  for  varying  densities  of  the  A 
particles  and  the  B  traps.  In  Fig.  3,  the  trap  density  is  fixed  at  ps  =  0.2  particle! site  the 
A  particle  density  is  varied.  In  Fig.  4,  the  A  particle  density  is  fixed  at  pA  —  0.2  particlej site 
and  the  trap  density  is  varied.  The  slopes  of  these  log-log  plots  yield  the  power  law  dependence 
of  the  reaction  rate  as  a  function  of  A  density  (Fig,  3)  and  B  trap  density  (Fig,  4),  i.e.  the 
partial  orders  of  the  reaction  rate  equation. 

From  this  analysis  of  the  A  +  B  J9  reaction  occurring  in  ID  where  we  have  allowed  both 
trap  and  target  particles  to  be  mobile  and  where  we  have  imposed  steady  state  conditions,  we 
determine  that  the  partial  order  of  reaction  with  respect  to  the  A  particle  density  is  X  =  1.22, 
approximately  the  classical  expectation.  The  partial  order  of  reaction  with  respect  to  the 
B  trap  density  is  K  =  2,01,  an  anomalous  result.  We  therefore  observe  an  exponential 
[1,  16]  rather  than  an  algebraic  [15]  decay  law  (analog  to  our  B,,)  as  a  function  of  A  particle 
density.  Simulations  of  A  -f  B  B  in  ID  under  steady  state  conditions  with  equal  particle 
and  trap  densities  (see  Fig.  5)  yields  an  overall  rate  of  reaction,  Z  =  3.29.  All  of  the 
orders  of  reaction  recovered  with  this  method  have  a  i  associated  with  the  uncertainty 
due  to  statistical  fluctuations.  We  find  that  higher  densities  of  A  and/or  B  {pA  and/or 
pB  >  0.2  particlej  site)  result  in  slightly  higher  valued  exponents. 
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Figure  4:  vs.  pb  on  a  10,000  site  1-D  lattice.  The  trap  density  is  pa  =  0.2  particle/site. 

The  slope  of  the  line  represents  the  partial  order  of  the  reaction  with  respect  to  the  trap 
density,  ps- 


n.ni  0.1  I 

concentration  (particle/lattice  site) 


Figure  5:  vs.  pa,b  on  a  10,000  site  1-D  lattice.  For  each  data  point,  pA  =  Pb  and  the 

overall  order  of  the  reaction  is  found  to  be  3.29. 


141 


This  work  was  supported  by  NSF  grant  DMR-9410709. 

References 

[1]  V.M.  Agranovich  and  M.D.  Galanin,  Modern  Problems  in  Condensed  Matter  Sciences, 
voL  3,  V.M  Agranovich  and  M.D.  Galanin  eds.  (North  Holland  Publishing  Company, 
Amsterdam)  254  (1982). 

[2]  G.  Weiss,  R.  Kopelman  and  S.  Havlin,  Phys.  Rev.  A  39  466  (1989). 

[3]  R.  Kopelman,  Topics  Appl.  Phys.  15  298  (1976). 

[4]  R.  Kopelman,  Science  241  1620  (1988). 

[5]  A.  Blumen,  J.  Klafter  and  G.  Zumofen,  Optical  Spectroscopy  of  Glasses,  I.  Zschokke, 
ed.  (Reidel  Publ.  Co.,  Dordrecht)  1986. 

[6]  Z.  Smoluckowski,  Z.  Phys.  Chem.  29  129  (1917). 

[7]  M.D.  Donsker  and  S.R.S.  Varadhan,  Commun.  Pure  Appl.  Math.  32  721  (1979). 

[8]  J.  Klafter,  A.  Blumen  and  G.  Zumofen,  J.  Stat.  Phys.  36  561  (1984). 

[9]  B.U.  Felderhof  and  J.M.  Deutch,  J.  Chem.  Phys.  64  4551  (1976). 

[10]  E.  Clement,  R.  Kopelman  and  L.M.  Sander,  Europhys.  Lett.  11  707  (1990). 

[11]  L.W.  Anacker  and  R.  Kopelman,  in  Science  at  the  John  von  Neumann  National  Super¬ 
computer  Center,  1988,  Consortium  for  Scientific  Computing,  Princeton,  NJ  11  (1989). 

[12]  G.  Zumofen,  J.  Klafter  and  A.  Blumen,  J.  Phys.  A  /  17  L-  49  (1984). 

[13]  R.  Schoonover  and  R.  Kopelman,  Mat.  Res.  Symp.  Proc.  290  255  (1993). 

[14]  L.W.  Anacker,  E.  Clement,  R.  Kopelman,  in  Fractal  Aspects  of  Materials,  eds.  J.H. 
Kaufman,  J.E.  Martin,  P.W.  Schmidt,  Materials  Research  Society  Extended  Abstracts, 
Pittsburgh  271  (1989). 

[15]  V.  Kuzovkov  and  E.  Kotomin,  Phys.  Rev.  Lett.  72  2105  (1994). 

[16]  S.F.  Burlatsky,  M.  Moreau,  G.  Oshanin  and  A.  Blumen,  Phys.  Rev.  Lett.  75  585  (1995) 
and  D.P.  Bhatia,  M.A.  Prasad,  and  D.  Arora,  Phys.  Rev.  Lett.  75  586  (1995). 

[17]  P.  Argyrakis,  Computers  in  Physics  6,  525  (1992). 

[18]  R.  Schoonover,  Ph.  D.  Thesis,  University  of  Michigan,  Ann  Arbor  (1993). 


142 


Part  IV 

D3aiamical  Aspects  of  the 
Liquid'Gas  Transition 


RELAXATIONAL  DYNAMICS  AND  STRENGTH  IN  SUPERCOOLED  LIQUIDS 
FROM  IMPULSIVE  STIMULATED  THERMAL  SCATTERING 

Yongwu  Yang^  Laura  J.  Muller^ and  Keith  A.  Nelson^ 

^Department  of  Chemistry  ,  Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139 
^Department  of  Chemistry  and  Biochemistry,  University  of  Texas  at  Austin,  Austin  ,TX  78712 


ABSTRACT 

Impulsive  stimulated  thermal  scattering  (ISTS),  a  time-domain  light  scattering  technique, 
provides  a  more  than  6-decade  time  range  from  sub-ns  to  many  ms.  It  permits  characterization  of 
the  structural  relaxation  dynamics  and  determination  of  the  relaxation  strength  or  Debye-Waller 
factor  in  supercooled  liquids,  and  thus  allows  testing  of  the  mode  coupling  theory  of  the  liquid- 
glass  transition.  ISTS  experiments  were  performed  on  glass  formers  salol,  butylbenzene,  and  the 
molten  salt  [Ca(N03)]o.4[KN03]o.6-  The  relaxational  dynamics  and  the  Debye-Waller  factor 
were  obtained.  A  square-root  anomaly  was  observed  in  /^=o(T)  at  a  crossover  temperature  T^  for 
all  three  materials,  consistent  with  the  prediction  of  mode  coupling  theory. 

INTRODUCTION 

Much  recent  experimental  research  has  been  focused  on  complex  relaxation  dynamics  in 
glass-forming  systems.  Extensive  effort  has  been  aimed  at  examination  of  relaxation  dynamics 
over  the  broadest  possible  ranges  of  time  scales  and  sample  temperatures  to  permit  reliable 
description  of  material  behavior  in  terms  of  empirical  functional  forms  and  to  test  the  predictions 
of  theoretical  models.  In  particular,  the  recently  developed  mode  coupling  theory  (MCT)  of  the 
liquid-glass  transition  [1],  which  provides  detailed  predietions  for  supercooled  liquid  dynamics, 
has  stimulated  many  recent  experiments.  Impulsive  stimulated  thermal  scattering  (ISTS)  has  a 
dynamical  range  of  more  than  6  decades,  from  sub-nanoseconds  to  many  milliseconds,  which 
makes  it  well  suited  for  investigation  of  the  dynamics  in  supercooled  liquids.  It  has  been  shown 
that  complex  elastic  modulus  spectrum  can  be  constructed  in  the  10  MHz  -  10  GHz  range,  and 
used  to  examine  relaxation  dynamics  in  this  range,  from  ISTS  measurements  of  acoustic 
frequencies  and  damping  rates  [2-4].  It  has  also  been  demonstrated  in  ISTS  experiments  on  a 
molecular  glass  former,  salol,  that  the  relaxation  dynamics  and  the  relaxation  strength  or  Debye- 
Waller  factor obtained  [4-7].  The  Debye-Waller  factor /g=o(T)  of  salol  was  found  to 
exhibit  a  square-root  cusp  anomaly  at  a  crossover  temperature  T^,  as  predicted  by  MCT. 

To  determine  whether  there  exists  a  crossover  temperature  for  other  materials,  as 

observed  in  salol,  we  have  performed  similar  ISTS  experiments  on  a  molecular  glass-former 
butylbenzene  and  an  ionic  glass-former  [Ca(N03)]o.4[KN03]o.6  (CKN).  In  this  paper,  we  review 
results  on  salol  and  report  new  experimental  results  on  these  two  glass  formers. 

REVIEW  OF  THEORY 
A.  Mode  coupling  theory 

MCT  starts  from  a  closed  set  of  generalized  kinetic  (Mori-Zwanzig)  equations  for  the 
normalized  density  autocorrelation  functions  with  the  relaxation  kernel  expressed  in  terms  of  the 
nonlinear  interactions  between  the  density  fluctuations.  In  its  original  version,  MCT  describes  a 
transition  at  a  crossover  temperature  Tq  from  a  weak-coupling  ergodic  or  liquid-like  state  to  a 
strong-coupling  non-ergodic  state  which  is  considered  representative  of  a  glass.  Above  T^,  the 

density  fluctuations  relax  via  a  two-step  process:  a  mesoscopic-frequency  p  relaxation  and  a  low- 
frequency  a  relaxation.  While  the  P  relaxation  dynamics  show  a  weak  temperature  dependence, 
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the  a  relaxation  exhibits  critical  slowing  down  with  decreasing  temperature  and  finally  arrests  (no 
further  a  relaxation)  at  T^.  The  a  relaxation  dynamics  above  show  non-Debye  behavior  and 
can  be  described  reasonably  well  by  the  stretched  exponential  or  Kohlrausch-Williams-Watts 
(KWW)  function  (j)(t)  oc  exp[t/%]f^,  with  0  <  p  <  1,  even  though  this  is  not  an  exact  solution  of 
the  MCT  equation  [8].  The  T-dependent  a  relaxation  (j)(t,T)  above  Tc  obeys  scaling  laws,  or  time- 
temperature  superposition,  with  the  scaling  of  the  relaxation  times  t^CT)  given  by 

(1) 

and  with  T-independent  stretching  parameter  p.  Here  a=(Tc  -  T)/Tc  and  Tr  is  the  relaxation  time 
at  T  =  2Tc. 

Another  characteristic  of  a  relaxation  is  the  total  relaxation  strength  or  Debye-Waller  factor 
fg{T),  which  is  defined  as  the  integrated  area  of  the  a  relaxation  spectrum  in  the  frequency 

domain,  or  equivalently,  the  amplitude  of  the  a  relaxation  function  in  the  time  domain  [1,5].  The 
Debye-Waller  factor /^(T)  is  expected  in  mode  coupling  theory  to  show  a  square-root  cusp  at  T^, 
i.e. 


j/'  +  0(a)  (T>Tc) 

\r^  +  h^{of^  +  0(c)  (T<Tc) 


where  varies  smoothly  with  temperature.  Note  that  although  the  value  of  the  Debye-Waller 
factor  at  any  temperature  is  wavevector-dependent,  the  crossover  temperature  Tc  is  ^-independent. 

With  thermally  activated  hopping  processes  included  in  “extended”  MCT,  both  ergodicity 
and  a  relaxation  are  restored  below  T^.  Thus,  the  transition  is  smeared  out  by  these  processes. 

The  crossover  temperature  Tq  then  marks  a  change  in  the  nature  of  a  relaxation.  The  a  relaxation 
dynamics  are  controlled  primarily  by  anharmonic  processes  above  Tq  and  by  activated  hopping 
processes  below  Tc-  Although  new  features  appear  below  Tq,  the  main  features  of  the  idealized 

version  of  the  theory  are  retained  above  Tq.  However,  the  T-independence  of  P  cannot  be 
expected  to  persist  near  or  below  Tc- 

B.  Impulsive  Stimulated  Thermal  Scattering 

Impulsive  stimulated  thermal  scattering  is  a  time-delayed  four-wave  mixing  or  "transient 
grating"  experiment  in  which  two  picosecond  excitation  pulses  are  overlapped  spatially  and 
temporally  to  form  an  optical  interference  pattern  inside  the  sample.  Optical  absorption  at  the 
interference  maxima  (the  grating  "peaks")  and  subsequent  rapid  radiationless  decay  give  rise  to 
sudden,  spatially  periodic  heating  which  images  the  interference  pattern.  Thermal  expansion  at  the 
peaks  leads  to  time-dependent  modulation  of  the  sample  density,  including  transient  (acoustic)  as 
well  as  steady-state  responses.  The  time  dependence  of  the  material  response  is  monitored  through 
time-resolved  diffraction  of  probe  light  which  is  incident  upon  the  grating  at  the  Bragg  angle. 

The  ISTS  signal  gives  the  time-dependent  density  response  Gpj(^,t)  to  sudden,  spatially 

periodic  heating.  Neglecting  (3  relaxation  (which  occurs  on  time  scales  shorter  than  our 
measurements)  and  describing  a  relaxation  in  terms  of  the  stretched  exponential  function,  the 
measured  intensity  is  given  by  [5] 
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2 


(3) 


I(q,t)  =  |Gpx(^,t)|^  =  |A[e  cos((OAt)] 


+  B 


-rHt_^-(rRt)P 


where  and  denote  the  acoustic  frequency  and  damping  rate,  I'm  is  the  thermal  diffusion 
rate,  and  =  1/Xj^  and  p  are  the  characteristic  structural  relaxation  rate  and  stretching  exponent 
respectively. 

The  first  ("A")  term  in  Eq.  (3)  describes  ISTS  signal  from  simple  liquids  or  glass-forming 
liquids  at  high  temperatures  in  which  the  structural  relaxation  dynamics  are  much  faster  than  the 
acoustic  oscillation  period.  Following  sudden,  spatially  periodic  heating,  thermal  expansion  at  the 
grating  peaks  leads  to  a  density  modulation  which  overshoots  and  oscillates  about  the  steady-state 
level.  After  the  acoustic  oscillations  are  fully  damped,  the  steady-state  density  modulation  decays 
due  to  thermal  diffusion. 

The  second  ("B")  term  in  Eq.  (3)  describes  the  modifications  to  this  time-dependent  behavior 
for  complex  fluids.  In  such  fluids  the  density  response  to  sudden  heating  includes  slow 
components,  which  do  not  contribute  to  the  transient  overshoot  of  the  steady-state  thermal 
expansion  level  and  the  resultant  acoustic  oscillations.  Instead  the  slow  components  yield  a 
gradual  approach  of  the  density  to  its  steady-state  level,  observed  in  ISTS  data  as  a  gradual, 
nonoscillatory  rise  in  signal  toward  its  corresponding  steady-state  value.  This  nonoscillatory  rise 
is  often  described  well  on  nanosecond-millisecond  time  scales  by  the  stretched  exponential 
function. 

In  summary,  the  complete  time-dependent  density  response  observed  through  ISTS  can  be 
described  in  terms  of  acoustic,  structural  relaxation,  and  thermal  diffusion  modes.  When  all  three 

modes  are  well  separated  temporally  from  each  other,  i.e.,  when  co^  »  Fj^ »  ra.  the  amplitude 
ratio  of  the  relaxation  mode  and  thermal  diffusion  mode  gives  the  Debye-Waller  factor/^  in  the 
q=0  limit  [5]  according  to 


/q=0  = 


B 


A  +  B 


(4) 


EXPERIMENT 

Experimental  implementation  of  the  ISTS  technique  has  been  described  elsewhere  [7]. 
Briefly,  a  100-picosecond  pulse  derived  from  a  Q-s witched,  mode-locked,  and  cavity-dumped 
Nd:YAG  laser  is  split  with  a  50%  beamsplitter  into  two  excitation  pulses  that  are  cylindrically 

focused  and  crossed  at  an  angle  Og.  Typically,  the  laser  spots  are  about  100  pm  high  and  5  mm 
wide  at  the  focus.  The  large  width  is  necessary  to  avoid  “walk-off’  of  the  acoustic  waves  before 
they  are  fully  damped.  The  quasi-cw  probe  beam,  derived  from  a  single-mode  Argon  laser  at  514 
nm  whose  cw  output  is  electro-optically  gated,  is  incident  at  the  Bragg  angle  for  diffraction  from 
the  transient  grating  induced  by  the  excitation  pulses.  Diffracted  signal  is  directed  into  an  amplified 
fast  photodiode  and  temporally  resolved  with  a  digitizing  oscilloscope.  The  digitized  signal  is 
transferred  to  a  computer  for  storage  and  subsequent  analysis. 

The  ISTS  system  offers  several  useful  features  for  study  of  complex  relaxation  and  the 
liquid-glass  transition.  Of  primary  importance  are  the  wide  ranges  of  time  scales  and  excitation 
wave  vectors  q  which  are  accessible.  Since  the  diffracted  signal  is  against  dark  background,  it  has 
high  signal-to-noise  ratio.  Also  important  in  practice  are  short  data  acquisition  times,  usually  at 
about  10  seconds  for  1000  repetitions. 

Typical  ISTS  data  are  shown  in  Fig.  1  for  salol  at  q=0.743  pm'^  and  T=258.5K.  In  Part  A 
the  damped  oscillatory  features  at  short  times  represents  the  acoustic  mode,  and  the  signal  intensity 
slowly  reaches  a  steady-state  level  on  a  longer  time  scale  which  reveals  the  slow  structural 
relaxation  dynamics.  On  an  even  slower  time  scale,  the  signal  intensity  decays  through  thermal 

diffusion  as  displayed  in  Part  B.  Thus  the  data  show  the  acoustic,  a  relaxation,  and  thermal 
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diffusion  modes  discussed  in  the  previous  section.  In  this  paper,  we  are  interested  in 
characterization  of  the  a  relaxation  mode  (the  slow  rise  in  ISTS  signal)  and  determination  of  the 

Debye-Waller  factor.  Because  the  a  relaxation  mode  can  only  be  well  characterized  when  its  time 
scale  is  larger  than  the  acoustic  period  and  shorter  than  the  thermal  diffusion  time,  the  structural 
relaxation  dynamics  can  only  be  determined  in  a  narrow  temperature  range  with  one  single  wave 
vector.  This  can  be  overcome  by  realizing  that  the  acoustic  frequency  («:q)  and  thermal  diffusion 

rate  ( ocq^)  are  q-dependent  while  in  the  ISTS  wave  vector  range  the  structural  relaxation  dynamics 
are  not.  Thus  the  temperature  range  over  which  the  structural  relaxation  mode  can  be  observed 
through  ISTS  can  be  extended  by  varying  the  wave  vector.  The  acoustic  period  is  shortened  at 
large  excitation  angles  permitting  characterization  of  the  relaxation  mode  at  higher  T.  To  permit 
observation  of  the  very  slow  relaxation  dynamics  at  lower  T,  very  small  excitation  angles  (less 
than  0.5°)  are  used  to  reach  very  low  wave  vectors  and  thereby  to  slow  the  thermal  diffusion 
dynamics.  Therefore  the  data  for  salol,  butylbenzene,  and  CKN  were  collected  at  multiple 
excitation  angles  which  permit  characterization  of  the  relaxation  dynamics  from  ns  to  ms. 


-5  5  15  25  35  45  55  65  75 

Time  (|ls) 


Fig.l.  ISTS  data  (solid  curves)  and  fits  (dotted  curves)  to  Eq.  (1)  of  salol  at 
258.5K  at  q  =  0.743  (A)  Damped  acoustic  oscillations  at  short  time  scales 

and  the  nonoscillatory,  gradually  rising  signal  due  to  the  structural  relaxation  mode 
on  longer  time  scales.  (B)  Thermal  diffusion  dynamics  at  long  times. 
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RESULTS 


Raw  data  such  as  that  displayed  in  Parts  A  and  B  were  joined  by  matching  the  signal 
intensities  in  their  overlapping  temporal  region.  The  connected  data  were  fitted  to  Eq.  (3).  Fits  to 
the  data  yielded  the  dynamical  parameters  describing  the  acoustic,  thermal  diffusion,  and  a 
relaxation  modes  as  well  as  the  relative  amplitude  B/A.  With  good  temporal  separation  of  the 
acoustic,  relaxation,  and  thermal  diffusion  modes,  the  fitting  parameters  were  determined  uniquely 
with  reasonable  accuracy  and  the  Debye-Waller  factor  was  determined  through  Eq.  (4). 

In  what  follows  we  present  detailed  analyses  of  the  a  relaxation  dynamics  and  strength,  and 
compare  the  results  with  MCT  predictions. 

1.  Salol 


The  average  relaxation  time  <Tr>  =  r(l/P)/((3rR)  (r(x)  denoting  the  gamma  function), 
stretching  parameter  p,  and  Deby e-Waller  factor plotted  as  a  function  of  temperature  in 
Fig.  2  [6,7].  The  T-dependent  Debye-Waller  factor  fq=o{T)  (symbols  in  Part  C)  clearly  shows  a 
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Fig.  2  The  T-dependences  of  the  average  relaxation  times  <'Tr>,  stretching 
parameters  p  and  Debye-Waller  factor /^=:0  of  salol  from  ISTS  (open  symbols), 
together  with  the  results  measured  from  DLS  (A)  and  PCS  (■). 
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square-root  cusp  at  a  crossover  temperature  of  266K.  The  solid  curve  in  Part  C  represents  the  best 
fit  to  Eq.  (2).  This  T^  value  is  in  good  agreement  with  neutron  scattering  [9]  and  depolarized  light 
scattering  (DLS)  [10]  results. 

Part  B  shows  the  T-dependence  of  the  stretching  parameters  for  ISTS  (open  symbols),  along 
with  the  values  obtained  from  DLS  [10]  at  high  T  and  photon  correlation  spectroscopy  (PCS)  [11] 

at  low  T.  The  p  values  determined  through  ISTS  are  in  agreement  with  those  determined  through 
DLS  and  PCS  measurements  in  their  overlapping  regions.  Combining  all  the  results  of  DLS, 
ISTS,  and  PCS,  the  T-dependent  p  values  show  a  sigmoidal  shape  with  most  of  the  variation  at 
temperatures  around  T^-  MCT  predicts  T-independent  a  relaxation  stretching  above  T^,  which  is 
supported  by  the  results  of  DLS  with  an  approximately  constant  value  of  p=0.84.  MCT  makes  no 
explicit  predictions  on  the  T-dependence  of  P  around  and  below  T^.  However,  the  observed  rapid 
change  of  the  stretching  parameter  p(T)  around  T^  does  not  contradict  MCT.  On  the  contrary,  it 

qualitatively  supports  the  MCT  picture  of  different  a  relaxation  mechanisms  above  and  below  T^. 

The  average  relaxation  times  from  DLS,  ISTS,  and  PCS  measurements  form  a  smooth  curve 
in  the  whole  temperature  range  and  do  not  show  a  power-law  divergence  at  the  crossover 
temperature  T^.  This  is  presumably  due  to  activated  thermal  hopping  processes  which  prefer 
smooth  crossover.  In  the  extended  MCT,  these  processes  are  accounted  for,  but  predictions  for  T- 
dependence  of  the  relaxation  times  around  and  below  Tq  are  not  yet  available. 

Note  that  in  Fig.  2  different  open  symbols  represent  results  from  data  collected  at  different 
wave  vectors.  They  coincide  with  each  other  at  their  overlapping  regions,  which  supports  our 

claim  that  the  a  relaxation  dynamics  are  wave  vector  independent  in  the  wave  vector  ranges 
accessible  to  ISTS. 

2.  CKN 

The  mixture  of  ionic  salts  [Ca(N03)]  and  [KNO3]  with  molar  ratio  of  2:3  has  been 
investigated  extensively  with  a  variety  of  experimental  techniques.  We  have  recently  performed 
ISTS  experiments  on  this  glass-former  to  study  the  relaxation  in  the  supercooled  state  [12]. 

Following  the  same  line  as  salol,  we  present  the  T-dependence  of  the  a  relaxation  dynamics 
(stretching  exponent  p  and  relaxation  time  Tj^=l/rj^),  and  the  Debye-Waller  factor /^_0,  the 
crossover  temperature  T^  determined  therefrom.  Their  temperature-dependences  are  shown  in  Fig. 

3.  In  Part  C,  the  Debye-Waller  factor  values /^^o(T)  (symbols)  obtained  with  different  wave 
vectors  are  plotted.  It  is  evident  that/^^o(T)  shows  a  weak  cusp-like  anomaly  as  predicted  by 
MCT.  The  solid  curve  in  Part  C  represents  the  best  fit  to  Eq.  (2)  which  gives  a  crossover 
temperature  T^  =378K.  This  T^  value  is  in  good  agreement  with  the  results  from  neutron 
scattering  [13],  DLS  [14,  15],  and  Brillouin  scattering  [16]. 

The  dynamical  parameters  and  p  describing  a  relaxation  were  obtained  at  various  wave 
vectors  in  the  temperature  range  362.7-411. IK.  The  T-dependent  average  relaxation  times 
and  the  stretching  parameters  p  are  shown  in  Parts  A  and  B  of  Fig.  3  separately.  We  also  show 
the  results  from  neutron  scattering  [13],  DLS  [14],  and  PCS  [17,  18]  for  comparison.  The  p 
values  above  T^  obtained  from  ISTS  are  approximately  constant  with  p  =0.58.  Considering  their 

uncertainties,  the  P  values  from  ISTS,  neutron  scattering,  and  DLS  show  no  temperature 
dependence  from  above  T^  to  468. 2K.  This  finding  provides  support  for  the  MCT  prediction  of 

constant  a  relaxation  stretching  above  T^.  Similar  to  salol,  the  P  values  decrease  as  the 
temperature  is  reduced  below  T^.  Again,  this  is  consistent  with  the  physical  picture  of  very 

different  mechanisms  for  a  relaxation  above  and  below  T^. 
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Fig.  3  The  T-dependences  of  the  average  relaxation  times  stretching 

parameters  P  and  Debye- Waller  factor /^_0  of  CKN  from  ISTS  (open  symbols), 
together  with  the  values  measured  from  DLS  (A),  neutron  scattering  (♦),  and  PCS 
(■,  •)- 

The  average  relaxation  times  shown  in  Part  A  show  similar  behavior  as  for  salol.  The 
relaxation  times  well  above  T^  show  a  power  law  dependence,  as  indicated  by  Eq.  (1),  but  the 
divergence  at  T^  predicted  by  Eq.  (1)  is  moderated,  presumably  by  thermally  assisted  hopping 

which  allows  a  relaxation  to  continue  through  and  below  T^. 


3.  Butvlbenzene 


Recent  transient  holeburning  studies  of  dimethyl-j-tetrazine  (DMST)  in  n-butylbenzene 
indicated  stretched  exponential  (KWW)  local  structural  relaxation  dynamics  associated  with 
solvation,  characteristic  of  mechanical  relaxation  dynamics  expected  for  the  solvent  [19,  20]. 
Direct  ISTS  measurements  of  the  structural  relaxation  dynamics  in  supercooled  n-butylbenzene 
present  a  basis  for  comparison  to  these  results. 
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The  temperature  dependences  of  the  average  relaxation  time  <Xr>,  the  stretching  parameter 

p,  and  the  Debye-Waller  factor /^^o>  plotted  in  Fig.  4.  In  Part  C,  the  symbols  representing  the 
values  of/^=o  various  wave  vectors  show  the  MCT-predicted  square-root  cusp  at  a  crossover 
temperature  of  150  K. 

It  is  interesting  to  notice  that  the  ratio  -  Tg)/Tg=0.18  found  for  n-butylbenzene  by  the 

ISTS  method  matches  that  found  for  salol,  a  liquid  with  a  lower  fragility  [21],  within  experimental 
uncertainty.  MCT  makes  no  prediction  regarding  this  relationship.  In  fact,  the  reduced 
temperatures  of  for  other  systems  that  have  been  compared  to  MCT  are  distinctly  different 

from  0.2  [22]. 


temperature  (Kelvin) 

Fig.  4  The  T-dependences  of  the  average  relaxation  times  <T|^>,  stretching 
parameters  P  and  Debye-Waller  factor «-butylbenzene  from  ISTS. 
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The  temperature  dependence  of  the  stretching  parameter  p  is  plotted  in  Part  B.  At  Tq  , 
P=0A5  +  0.05  in  good  approximation  to  the  value  found  through  transient  holebuming  [19]. 
ISTS,  photon  correlation  and  depolarized  light  scattering  measurements  of  p  in  salol  described 
earlier  exhibit  similar  changes  at  about  but  these  measurements  have  not  been  reported  for  n- 
butylbenzene.  The  relatively  constant  value  of  P  above  Tq  appears  to  support  the  idealized  MCT 
prediction,  although  more  data  are  needed  for  a  definitive  characterization. 

In  Part  A,  the  temperature  dependence  of  the  average  relaxation  times  is  plotted.  These 
relaxation  times  for  the  bulk  liquid  n-butylbenzene  match  those  found  by  Fourkas  et  al.  and 
support  their  conclusion  that  a  component  of  the  solvation  dynamics  they  observed  in  the  transient 
hole-burning  study  of  DMST  in  «-butylbezene  is  due  to  structural  relaxation  of  the  solvent  around 
the  solvent  [19,  20].  Although  it  is  somewhat  su^rising  that  the  local  (i.e.  high  wave  vector) 
shear  relaxation  measured  by  transient  hole-burning  matches  the  low-wavevector  longitudinal 
relaxation  measured  by  ISTS,  earlier  ISTS  experiments  in  triphenylphosphite  found  identical  low- 
q  shear  and  longitudinal  relaxation  dynamics  [2]. 

CONCLUSIONS 

ISTS  experiments  permit  characterization  of  the  a  relaxation  dynamics  and  determination  of 
the  relaxation  strength,  or  the  Debye-Waller  factor^Q.  The  temperature  dependent  Debye-Waller 
factors /^_o(T)  in  salol,  CKN,  and  butylbenzene  all  show  weak  square-root  cusp-like  anomalies  at 

distinct  crossover  temperatures  T^.  Well  above  T^,  the  a  relaxation  dynamics  obey  scaling  laws 
and  the  relaxation  times  show  power-law  T-dependences.  Our  findings  are  largely  consistent  with 
the  predictions  of  the  MCT. 
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ABSTRACT 

New  experimental  results  obtained  with  various  techniques  on  a  less-studied  glass-forming 
system  are  presented.  At  low  frequency,  a  secondary  Psiow-process,  decoupled  from  the  viscous 
flow,  is  observed  by  ^Ip  NMR.  Raman  scattering  spectra  and  coherent  neutron  scattering  spectra 
has  been  obtained  in  wide  frequency  and  temperature  ranges  showing  the  same  qualitative  features 
for  the  Boson  peak  while  the  quasielastic  contribution  seems  to  differ  markedly. 

INTRODUCTION 

Recently,  the  discussion  concerning  the  microscopic  origin  of  the  glass  transition  has  been 
stimulated  by  the  application  of  the  mode-coupling  formalism  (MCT).  In  its  idealized  form,  this 
theory  predicts  a  dynamical  phase  transition  from  an  ergodic  to  a  non  ergodic  behavior  at  a  critical 
temperature  Tc,  located  above  the  calorimetric  glass  transition  temperature  Tg,  where  non-linear 
interactions,  which  become  stronger  with  decreasing  temperatures,  induce  a  structural  relaxation 
arrest.  The  mode  coupling  theory  predicts  that  anom^ies  occur  at  Tc  for  all  variables  that  couple  to 
density  fluctuations.  Between  the  microscopic  time  scale  and  the  structural  relaxation  a-process,  a 
secondary  relaxation,  the  Pfast-process,  is  always  observed  by  neutron  and  light  scattering.  Both 
processes  are  expected  to  exhibit  scaling  laws  with  diverging  time  scales  at  Tc  [1]. 

Mode  coupling  theory  has  obtained  some  success  on  glass-forming  systems  that  are  classified 
as  fragile  liquids  in  Angell’s  classification  [2].  So  it  is  an  open  question  how  far  this  behavior 
depends  on  the  degree  of  fragility  of  the  system  under  study.  However,  as  the  spectra  of  these  less 
fragile  systems  are  characterized  by  a  stronger  vibrational  contribution,  the  so-called  Boson  peak,  a 
complete  description  of  the  dynamical  structure  factor  S(q,(o)  should  include  this  inelastic  feature. 

MATERIAL  AND  METHODS 

In  this  framework,  we  are  studying  the  dynamical  behavior  of  an  alkali  phosphate  glass. 
Nao.5Lio.5PO3  is  an  inorganic  polymer  based  on  the  phosphorus  oxygen  backbone.  The  basic 
structural  unit  is  the  PO4  group  linked  with  two  neighboring  tetrahedra  forming,  for  this  alkali 
concentration,  an  infinite  twisted  chain.  Due  to  the  eutectic  composition,  the  melting  temperature 
Tm  is  lowered  to  749  K  and  the  calorimetric  glass  transition  temperature  Tg  to  515  K. 

It  is  well  known  that  in  order  to  understand  the  complex  dynamical  processes  which  take  place 
at  the  liquid-glass  transition,  several  different  techniques  must  be  used  trying  to  cover  the  widest 
frequency  range  as  possible  so  Nao.5Lio.5PO3  is  studied  by  means  of  mechanical,  calorimetric  and 
dielectric  spectroscopies  and  also  by  nuclear  magnetic  resonance  [3],  light  and  neutron  scattering. 

EXPERIMENTAL  RESULTS 

Bulk  properties 

First,  the  temperature  dependence  of  the  specific  heat  Cp  has  been  measured  in  this  phosphate 
glass  by  conventional  differential  scanning  calorimetry  (Perkin-Elmer  DSC7,  heating  rate 
10  K/min)  leading  to  a  calorimetric  glass  temperature  Tgof  515  K  as  shown  in  Fig.  1.  It  is 
interesting  to  note  the  relative  magnitude  of  ACp/Cp  which  is  often  proposed  as  an  indication  of  the 
fragility  of  the  liquid.  In  the  case  of  this  phosphate  glass,  it  amounts  to  40%  like  in  ortho- 
terphenyl,  one  of  the  most  fragile  liquids. 
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Fig.  1.  (left)  Temperature  dependence  of  the  specific  heat  in  Nao.5Lio.5PO3  leading  to  Tg-515K 
with  a  relative  jump  ACp/Cp  of  about  40% 

Fig.  2.  (right)  Temperature  dependence  of  the  viscosity  for  Nao.5Lio.5PO3  (o  from  [4,5],  •  from 
[6])  as  compared  to  glycerol  (□)  and  ZnCl2  (A)  from  [1]. 


In  order  to  better  characterize  the  temperature  dependence  of  the  structural  process,  shear 
viscosity  data  have  been  obtained  in  an  intermediate  temperature  range  between  those  near  Tg  [4] 
and  those  around  Tm  [5].  As  shown  in  Fig.  2,  this  eutectic  composition  occupies  an  interesting 
position  among  known  glass-forming  systems  between  strong  and  fragile  liquid  just  as  two  others, 
glycerol  and  ZnCh-  However,  the  strong  apparent  activation  energy  of  the  viscosity  at  Tg  leads  to 
a  fragility  parameter 


^^og(Tls) 

^(Tg/T) 


=  79. 


T=T„ 


(1) 


Again,  this  value  is  very  close  to  m=81  found  in  ortho-terphenyl  [7]. 

I.OW  frequency  dynamics 

Applying  3lp  and  ^Li  NMR  on  this  phosphate  glass  [3],  it  has  been  shown  that  below  Tg,  the 
NMR  parameters  are  mainly  determined  by  the  lithium  diffusion  in  the  amorphous  structure.  This 
motion  seems  unaffected  by  the  glass  transition  and  its  spectral  density  is  linearly  frequency 
dependent  in  the  two  probed  frequency  ranges  (MHz  and  toz).  Above  Tg,  the  PO4  units  of  the 
phosphate  chains  move  isotropically,  giving  rise  to  the  so-called  secondary  relaxation  in  glasses 
(psiow-process)  while  the  primary  or  structural  relaxation  (a-process)  is  only  effective  on  the  NMR 
parameters  near  600  K,  well  above  Tg.  In  Fig.  3  are  plotted  the  relaxation  time  of  this  pslow" 
process  deduced  from  the  NMR  study  and  the  timescale  Xg  of  the  structural  relaxation  simply 

calculated  with  the  Maxwell  relation  (x^  =  ri.s  It  seems  that  below  600  K,  the  time  scales  of 
these  two  processes  are  strongly  decoupled,  giving  rise  to  a  primary  slow  relaxation  and  to  a 
secondary  one.  Such  motion  decoupling  has  been  recently  reported  on  another  phosphate  glass  [8] 
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(m-tricresyl  phosphate)  at  the  critical  temperature  Tc  of  the  MCT  determined  by  scaling  laws 
analysis  of  the  light  scattering  susceptibilities.  Well  under  Tg,  the  relaxation  times  measured  by 
Dynamical  Mechanical  Analysis  (DMA)  [9]  in  Nao.5Lio.5PO3  are  also  shown  in  Fig.  3. 
Obviously,  the  same  secondary  relaxation  is  probed  in  these  macroscopic  measurements  of  the 
dynamical  Young  modulus. 


Fig.  3.  Temperature  dependence  of  the  structural 
relaxation  timescale  Xg  (o  from  [4,5,6])  calculated 
with  the  Maxwell  relation  and  relaxation  times 
obtained  by  3lp  NMR  (A  [3])  and  DMA  (□  [9]) 
probing  the  same  secondary  Pslow“Process. 


High  frequency  dynamics 

Neutron  scattering  experiments  have  been  carried  out  on  the  time-of-flight  spectrometer 
MIBEMOL  at  the  LLB  (Saclay,  France)  with  a  closed  hollow  niobium  cell  in  the  temperature  range 
300-773  K.  The  incident  wavelength  was  set  to  6.2  A,  allowing  scattering  vectors  up  to  q=1.9  A'l 
at  zero  energy  transfer.  The  full  width  at  half  height  of  the  energy  resolution  was  about  84  peV 
with  a  very  clean  triangular  shape  without  wings.  In  Nao.5Lio.5PO3,  scattering  is  mainly  coherent 
and  furthermore,  87%  of  the  signal  is  due  to  the  PO4  tetrahedra.  After  usual  corrections  (detector 
efficiencies,  sample  container  and  instrumental  background),  the  TOF  spectra  were  converted  in 
S(q,co).  Because  of  the  high  sample  transmission  (90%),  multiple  scattering  corrections  were  not 
necessary. 

If  the  pfast  process  and  the  Boson  peak  are  correlated,  factorization  of  the  dynamic  susceptiblity 
( X"(q,(o)  =  S(q,co)/  n(Q)))  in  q  and  od  functions  should  be  correct  for  the  entire  spectrum  except  at 
low  frequencies  where  the  q-dependent  structural  relaxation  appears. 


%"(q,co)  =  x"(co).S‘"^'(q)  .  (2) 

It  has  been  found  that  the  data  between  1.0  <  q  <  5.0  A‘l  are  shown  to  overlap  within 
experimental  accuracy  as  well  in  the  pfast  relaxation  region  as  for  the  Boson  peak.  Furthermore,  the 
shape  of  the  inelastic  structure  factor  S^"®l(q)  is  not  temperature  dependent,  i.e.  whatever  the 
relative  weight  of  the  pfast  relaxation  with  respect  to  the  Boson  peak. 

Following  an  approach  to  the  description  of  the  low  frequency  Raman  spectra  in  glasses 

proposed  by  Gochiyaev  [10],  these  q-rescaled  neutron  spectra  (S(G))  =  S(q,a))/S’"^'(q))  have  been 
analysed  with  this  model.  In  this  approach,  it  is  assumed  that  the  Boson  peak  and  the  quasielastic 
scattering  are  due  to  a  broad  distribution  of  vibrational  modes  coupled  with  a  coupling  strength 
parameter  5  to  a  localized  relaxation  process  defined  by  its  relaxation  time  x.  The  distribution  is 
given  by  the  low  temperature  spectra  without  any  relaxation  where  8  «  cobp  (cobp  is  the  frequency  of 
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the  maximum  of  the  Boson  peak).  In  this  phosphate  glass,  the  shape  of  the  Boson  peak  in  neutron 
scattering  is  well  described  by  the  following  phenomenological  expression  which  contains  only 
one  unknown  temperature  dependent  parameter:  the  frequency  of  the  maximum  of  the  Boson  peak 

03bp(T): 


Svib(t^^T) 


n((0,T)  co^ 

(co^  {T)  +  (ob^ 

bp 


(3) 


On  increasing  temperatures,  5  increases  towards  cobp  leading  to  an  overdamping  and  an 
instability  of  the  Boson  peak.  In  Fig.  4  are  plotted  some  spectra  together  with  this  model  showing 
a  good  agreement  at  all  temperatures  in  the  whole  frequency  range.  The  insert  presents  the 

temperature  dependence  of  the  renormalized  frequency  of  the  Boson  peak  maximum,  -5^, 

leading  to  a  crossover  temperature  T*  >  To  as  already  found  in  some  glass-forming  materials  but 
from  low  frequency  Raman  spectra  [1 1].  For  these  systems  previously  analysed  within  the  MCT 
framework,  T*  was  found  to  be  close  to  Tq. 


Fig.  4.  Coherent  neutron  scattering  spectra  at  three  different  temperatures  for  Nao.5Lio.5PO3  - 
Solids  lines  are  fits  with  the  convolution  model  of  Gochiyaev  [10].  The  insert  shows  the 
temperature  dependence  of  the  renormalized  frequency  of  the  Boson  peak  maximum  leading  to  an 
unstable  mode  at  T*=875  K. 


So  in  this  temperature  region,  it  seems  that  there  is  a  transition  from  a  "liquid-like"  or 
relaxational  behavior  to  a  "solid-like"  or  vibrational  one.  However,  the  temperature  T*  found  in 
this  compound  is  higher  than  the  melting  temperature  Tm=749  K  so  in  order  to  give  more 
reliability  to  these  results  and  to  their  eventual  relation  with  the  MCT,  light  scattering  experiments 
were  carried  out  on  this  glass  former  and  first  analysed  within  the  same  frame. 

Low-frequency  Raman  spectra  have  been  obtained  between  90  K  and  923  K  with  a  triple 
grating  spectrometer  using  a  90°  scattering  geometry.  Fig.  5  shows  the  room  temperature 
depolarized  spectrum  on  a  reduced  intensity  scale  [12] 

Ir  (co)  =  I(co)  /  ((o(n(co)  + 1))  =  C(co)g(a))  /  (4) 
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with  its  two  contributions  and  as  the  neutron  spectrum  also  on  a  reduced  intensity  scale 


Sr(co)  =  S((0)  /  ((o.n(co))  =  g((o)  /  co^  (5) 

at  the  same  temperature.  In  these  two  expressions,  g((o)  is  the  vibrational  density  of  states  while 
C(a))  is  the  unknown  light  to  excitation  coupling  function.  It  shows  clearly  that  the  shape  of  the 
Boson  peak  is  almost  independent  of  the  scattering  technique  in  this  glass.  In  other  words,  the 
coupling  coefficient  C(q))  appearing  in  the  scattering  formula  for  low  frequency  light  scattering 
mechanism  can  only  be  weakly  frequency  dependent.  This  is  confirmed  by  the  frequency  of  the 
Boson  peak  maximum  which  is  seen  at  nearly  the  same  value  in  both  spectra. 


Fig.  5.  (o,  upper  data)  Low-frequency  Raman  spectrum  in  reduced  intensity  at  300  K.  (A,  lower 
data)  Neutron  spectrum  in  reduced  intensity  at  300  K.  The  Raman  spectrum  is  fitted  (full  line)  by 
the  superposition  of  two  contributions:  sum  of  optical  modes  (dotted  line)  and  the  Boson  peak 
(dashed  line)  described  by  the  same  formula  as  in  neutron  scattering  (3)  except  for  a  slightly  higher 
frequency  maximum  of  the  Boson  peak  Wbp. 


In  summary,  it  has  been  verified  first  that  the  depolarization  ratio  was  not  frequency  dependent 
in  the  low-frequency  region  around  the  Boson  peak.  Furthemore  it  has  been  found  independent  of 
temperature,  i.e.  whatever  the  relative  weight  of  the  pfast  relaxation  with  respect  to  the  Boson  peak. 
Again,  this  suggests  a  possible  correlation  between  the  quasielastic  contribution  and  the  inelastic 
one.  Taking  the  same  formula  for  the  shape  of  the  Boson  peak  (3)  as  in  neutron  scattering,  these 
low-frequency  Raman  spectra  have  been  fitted  with  this  convolution  model  of  Gochiyaev  and 
while  the  temperature  dependence  of  the  frequency  of  the  maximum  of  the  Boson  peak  follows  the 
same  trend  in  both  techniques,  the  coupling  parameter  8  is  notably  stronger  in  light  scattering 
results  than  in  neutron  ones,  leading  to  a  lower  crossover  temperature  T*  (775  K)  but  still  slightly 
above  Tm-  This  larger  contribution  of  the  pfast  relaxation  in  light  scattering  spectra  would  require  a 
very  different  coupling  function  C(co)  for  the  scattering  by  relaxational  excitations  and  vibrational 
ones  in  this  glass-former.  Moreover,  these  crossover  temperatures  pose  the  problem  of  the 
physical  meaning  of  this  temperature  if  it  is  the  one  where  the  glass  falls  out  of  equilibrium. 
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ABSTRACT 

Quasi-elastic  neutron  scattering  (NS)  measurements  of  Salol  have  been  carried  out  in 
order  to  study  the  a  and  (3  relaxations  near  the  liquid-glass  transition.  The  results  are  presented 
in  the  form  of  a  susceptibility  spectrum  that  is  compared  with  the  corresponding  spectrum 
obtained  from  light  scattering  (LS)  and  with  the  predictions  from  the  Mode  Coupling  Theory. 
The  differences  between  the  NS  and  LS  results  are  due  to  the  different  correlators  contributing  to 
the  susceptibility  in  the  two  types  of  scattering.  The  possible  origin  of  these  differences  are 
discussed  in  the  framework  of  the  Mode  Coupling  Theory. 

INTRODUCTION 

SALOL  is  an  organic  substance  with  formula  C13H10O3  that  undergoes  a  liquid-glass 
transition.  In  the  last  few  years  it  has  been  the  object  of  several  experimental  studies  including 
Brillouin  and  Raman  scattering^^^  dielectric  spectroscopy^^\  specific  heat^^^  and  inelastic  neutron 
scattering^'*\  The  reason  for  this  interest  is  that  SALOL  belongs  to  the  class  of  fragile  glasses, 
according  to  Angell’s  classification^^^  and  is  therefore  a  good  candidate  to  test  the  Mode 
Coupling  Theory^^^  (MCT)  which  has  lately  been  the  dominant  theoretical  approach  used  to 
understand  the  liquid-glass  transition.  In  particular,  MCT  predicts  the  existence  of  two 
relaxations,  a  structural  or  a  relaxation  observed  at  low  frequencies  and  another  one  at  higher 
frequency,  labeled  p,  often  attributed  to  a  cage  effect.  MCT  also  predicts  the  existence  of  a 
transition  temperature,  T,.,  at  which  the  system  becomes  non-ergodic.  Upon  approaching  T^,  the 
a  relaxation  progressively  slows  down  and  finally  comes  to  an  arrest  such  that  the  system  no 
longer  reaches  thermal  equilibrium.  Finally,  MCT  predicts^^^  the  existence  of  an  effective 
Debye-Waller  factor  which 

should  already  exist  above  T^  and  should  exhibit  a  (T-Tc)''''  singularity  below  T,.. 

The  previous  quasi-elastic  neutron  scattering  study^^^  was  carried  out  at  Saclay  on  the 
Mibemol  time-of-flight  spectrometer  with  a  wavelength  of  5. 5 A  giving  an  energy  resolution  of 
60peV.  Although  it  mostly  focused  on  the  effective  Debye-Waller  factor,  revealing  the  square- 
root  singularity  below  Tc=263±7K,  it  also  showed  the  existence  of  a  low  frequency  peak 
corresponding  to  the  a  relaxation,  of  a  high  frequency  peak  usually  called  “the  microscopic 
peak”  and  of  a  minimum  between  the  two,  in  the  region  of  the  p  relaxation  process.  However, 
upon  analyzing  the  results,  the  resolution  of  this  experiment  proved  too  coarse  to  follow  even  the 
latter,  close  to  the  transition.  Consequently,  we  repeated  the  experiment,  using  a  wavelength  of 
lOA  giving  a  resolution  of  20)a.eV.  This  second  experiment  was  also  more  specifically  designed 
to  study  the  a  and  p  relaxations  and  to  compare  the  neutron  scattering  results  with  light 
scattering  results^^^  and  MCT  predictions.  Such  a  comparison  was  recently  made  for  glycerol^^^ 
but  it  did  not  lead  to  quantitative  or  even  entirely  consistent  conclusions. 
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SCALINGLAWS 


In  the  Mode  Coupling  theory both  a  and  p  relaxations  are  tied  to  the  resonant 
dynamics  of  a  damped  harmonic  oscillator  characterized  by  a  microscopic  frequency,  and  are 
also  related  to  each  other.  More  specifically,  MCT  predicts  that  the  dynamic  susceptibility 
related  to  the  density  correlator  should  exhibit  a  wavevector-independent  minimum  that  follows 
scaling  laws  with  temperature.  In  the  vicinity  of  this  minimum  the  susceptibility  should  be 
expressed  as: 

XW  =  X"mmWct>/«mln)‘  +  a(n„,i»’’]/(a+b)  (1) 

where  x"min  ^min  ^re  respectively  the  magnitude  and  the  frequency  of  the  susceptibility 
minimum  and  where  a  and  b  are  temperature-independent  coefficients  related  by  the  relation: 

X  =  r^(l.a)/r(l-2a)  =  r\l+b)/r(l+2b)  (2) 


where  T  designates  the  gamma  function.  Both  x'min  and  should  display  a  pseudo-critical 


behavior, 

a)x’’™in~<T-Tj''^  (3) 

where  a  is  the  coefficient  introduced  above  and  is  related  to  the  slope  of  the  susceptibility 


spectrum  on  the  high  frequency  side  of  the  minimum.  Finally,  according  to  MCT,  all  physical 
quantities  coupled  to  density  fluctuations  should  display  the  same  behavior. 


EXPERIMENTAL  RESULTS 

The  neutron  experiment  was  performed  on  the  Mibemol  spectrometer  at  the  Leon 
Brillouin  Laboratory  in  Saclay  (France).  As  in  the  first  neutron  on  SALOL,  the  liquid  sample 
was  contained  in  a  cell  made  up  of  two  planes  of  staggered  narrow  silica  tubes.  The  transmission 
of  the  cell  was  approximately  75%,  The  cell  was  placed  in  a  double  wall  water-heated  container 
for  measurements  down  to  240K  and  then  transferred  into  a  displex  for  lower  temperature 
measurements.  The  scattered  intensity  was  measured  with  57  detectors  distributed  over  an  arc  of 
a  circle  and  covering  150°.  Each  detector  had  512  channels,  each  channel  corresponding  to  a 
time  interval  of  arrival  with  respect  to  a  common  time  origin. 

For  simplicity,  the  analysis  of  the  experimental  data  was  done  for  groups  of  10  detectors 
each  (1-10,  1 1-20, 21-30,  31-40,  41-50  and  51-57)  with  the  lower  number  detectors 
corresponding  to  smaller  scattering  angles  or  wavevectors.  Here  we  primarily  present  the  results 
from  the  middle  group  of  detectors,  31-40,  that  corresponded  to  a  mean  scattering  vector  Q  of 
0.87a\ 

Once  acquired,  the  data  were  corrected  for  the  empty  sample  cell,  normalized  to  the 
elastic  intensity  from  a  vanadium  sample  and  converted  from  time-of-flight  to  energy.  In  order 
to  compare  the  neutron  scattering  results  with  the  light  scattering  results  and  with  the  MCT 
predictions,  it  is  more  convenient  to  represent  the  data  in  the  form  of  a  generalized  susceptibility: 

X"(®)  =  /(®)/[«(®,F)]  (4) 
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In  Fig.  1  we  present  the  neutron  scattering  susceptibility  for  the  31-40  group  of  detectors.  For 
the  sake  of  clarity,  curves  are  only  presented  for  selected  temperatures  over  the  whole  range 

covered  and  the  20^eV  cut-off  shown  on  that 


figure  corresponds  t  th  energy  resulution  of  the 

spectrometer.  The  a  peak  maximum  is  only 

visible  at  the  highest  temperature,  T=353K,  and 

moves  into  the  instrumental  resolution  at  lower 

temperatures.  However,  because  the  P 

minimum  appears  at  higher  energies,  it  can  be 

followed  down  to  lower  temperature. 

Below  265K,  it  is  not  clear  from  the  figure 

whether  this  minimum  falls  within  the 

resolution  or  it  disappears  altogether  to  be 

replaced  by  a  monotonic  decrease  of  the 

susceptibility  towards  lower  energies.  We  will 

argue  later  that  the  minimum  does  disappear  at 

T 

Ic- 

In  order  to  compare  the  present  neutron 
results  with  MCT  predictions,  we  fitted  the 
experimental  spectra  in  the  vicinity  of  the  p 
minimum  using  Eq.  (2)  and  thus  extracted  best 
values  for  x"mm,  a  and  b.  In  practice,  we 


ENERGY (meV) 

Fig.l  Susceptibility,  x“=I((D)/n(a),T),  vs.  Energy 
for  Q=0.89A  at  different  temperatures 


found  that  a  good  fit  could  not  be  obtained  if 
the  latter  two  coefficients  were  constrained  by 
Eq.  (3).  We  therefore  chose  to  fix  b  at  the 
value  of  0.641  taken  from  the  analysis  of  the 
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light  scattering  results  and  verified  that  fixing 
b  had  little  effect  on  the  values  obtained  for 
X"min  and  nmin  ^ut  obviously  affected  that  of  a. 
In  order  to  verify  the  MCT  prediction  of  Q- 
independence,  the  fitting  procedure  was  carried 
out  successively  for  three  groups  of  detectors  at 
each  temperature.  The  results  of  the  fitting  at 
three  temperatures  are  shown  in  Fig.  2.  Within 
the  experimental  uncertainty,  which  increases 
with  decreasing  scattering  angle,  there  does  not 
seem  to  be  any  angular  or  Q  dependence  in  the 
position  of  the  p  minimum,  fimin-  At  265K,  i.e. 
close  to  Tc  the  minimum  appears  to  become 
flatter  and  the  fits  are  not  as  good  as  those  at 
higher  temperatures.  This  might  suggest  that 
the  minimum  is  disappearing  altogether  (see 


ENERGY  (meV) 

Fig.2  Susceptibility  curves  for  three  groups  of 
detectors.  The  solid  curves  represent  fits  obtained 
using  Eq.(l)  with  b=0.64 


earlier  remark).  The  comparison  between  the 
neutron  and  light  scattering  results  is  made  in 
Fig.3  where  we  show  the  susceptibility  curves 
for  both  scattering  techniques  at  several 
temperatures.  The  overall  shapes  of  the  two 
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FREQUENCY  (moV)  FREQUENCY  (meV) 

Fig. 3  Susceptibility  vs.  Energy  at  four  different 
temperatures  respectively  from  neutron  scattering 
(Q=0.89A'‘)  and  light  scattering  (Q=0.0016A'‘).  The  first 
temperature  corresponds  to  NS  and  the  second  one  to  LS. 
The  neutron  curves  have  been  cut-off  at  the  resolution  limit 
of  the  spectrometer  (20peV). 


Spectra  are  similar:  both  exhibit  a  p 
minimum  at  intermediate  frequencies 
and  a  microscopic  peak  (possibly  two) 
at  the  highest  frequencies;  the  a 
relaxation  appears  clearly  only  in  the 
353K  NS  spectrum  while  it  is  clear  in 
all  the  LS  spectra,  due  to  a  better 
energy  resolution.  From  a  comparison 
at  this  highest  temperature,  it 
nevertheless  appears  that  the  a  peak  is 
much  more  intense  in  the  LS  than  in 
the  NS  .  More  important  for  our 
present  discussion,  the  p  minimum 
spectra  is  found  at  a  lower  frequency  in 
the  NS  than  in  the  LS  spectrum.  This 
latter  difference  is  well  illustrated  in 
Fig.  4.  As  mentioned  earlier,  we  did 
not  detect  any  systematic  Q 
dependence  of  Q^in  and  error  bars  on 
the  neutron  data  points  represent  the 
experimental  uncertainty  which 
initially  decreases  with  temperature  as 
the  minimum  becomes  more 
pronounced.  Below  265K,  it  is  no 
longer  possible  to  precisely  determine 
the  position  of  the  neutron  minimum. 
Nevertheless,  based  on  the  estimates 
obtained  from  the  fitting  and  on  the 
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comparison  of  the  spectra  themselves,  it 
appears  that  the  two  minima,  obtained 
respectively  from  neutron  and  light  scattering, 
converge  as  T  approaches  T^..  The 
temperature  dependence  of  the  neutron 
minimum  can  be  fitted  reasonably  well  by  Eq. 
3b)  giving  T^  =  267K  and  a^s  =  0.78  (dotted 
curve).  This  T^  value  is  close  to  that  obtained 
from  a  similar  fit  of  the  LS  curve  (Tc=256K). 
However,  the  value  of  the  coefficient  a^s 
differs  significantly  from  the  LS  value  (aLs  = 
0.327)  and,  accordingly,  the  two  curves 
exhibit  opposite  curvatures. 

DISCUSSION 

In  order  to  better  understand  the  meaning  of 


TEMPERATURE  (K) 

Fig.4  n,„i„  vs.T  from  neutron  and  light  scattering. 
The  dotted  line  represents  the  flt  with  Eq.(3b). 


the  present  neutron  results  and  their  departure 
from  the  light  scattering  results,  it  is  useful  to 
consider  the  theoretical  expressions  for  the 
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relevant  susceptibilities  in  the  two  types  of  experiments.  In  both  cases,  following  the  fluctuation- 
dissipation  theorem,  the  susceptibility  is  proportional  to  a  correlation  function.  In  the  case  of 
incoherent  NS  and  for  a  single  particle,  this  function  is  written^*^: 

X  ~  (exp(-/0  •  [^(0  -  R(o)]))  (5) 

and  describes  density-density  correlations  in  which  Q  is  the  scattering  wavevector  and  R  the 
position  of  a  hydrogen  atom.  It  can  be  shown  that  this  spectrum  essentially  reflects  the  self¬ 
correlation  of  the  position  of  the  molecular  centers  of  mass.  By  contrast,  in  LS  from  Salol,  it  has 
recently  been  demonstrated^^^  that  the  main  scattering  mechanism  is  the  reorientation  of  the 
molecular  polarizability  tensor;  assuming  for  simplicity,  linear  molecules  oriented  along  a 
direction  u,  and  no  coherence  in  the  reorientation  of  different  molecules,  one  finds  : 

X"((o)oci<3[«(0).«(0r-1>  (6) 

One  is  thus  probing  different  dynamics  in  the  two  experiments  and  we  now  suggest  that  this  can 
lead  to  different  positions  of  the  susceptibility  minimum. 

The  idealized  MCT  master  equation  is  an  equation  of  motion  for  the  density-density 
correlator  in  the  p  relaxation  regime  but  it  does  not  preclude  the  existence  of  other  dynamic 
correlators  such  as  rotation-rotation.  The  theory  makes  predictions  for  the  correlators  of  all 
variables  that  linearly  couple  to  the  density.  In  the  asymptotic  region,  i.e.  close  to  Tc,  the  p 
relaxation  dynamics  of  all  these  correlators  should  be  the  same.  Our  findings  do  not  contradict 
this  result;  the  values,  obtained  from  NS  and  LS  respectively,  converge  for  (T-  Tc)<20K. 
However,  the  situation  becomes  more  complex  further  away  from  T^  because  the  two  types  of 
variables  probed  in  these  experiments  may  be  characterized  by  significantly  different 
microscopic  frequencies.  Since  increases  rapidly  with  temperature,  the  correlator  of  the 
variable  with  the  lower  microscopic  frequency  should  depart  from  the  asymptotic  regime  sooner 
(i.e.  at  a  lower  temperature)  than  the  other  one.  In  fact,  a  preliminary  two-correlator  MCT 
calculation^* in  which  the  density  correlator  imposes  its  retardation  effect  on  the  orientational 
correlator,  has  recently  produced  susceptibility  curves  in  semi-quantitative  agreement  with  those 
presented  in  Figs.3  and  4. 

CONCLUSION 

Quasi-elastic  incoherent  neutron  scattering  results  from  Salol,  when  compared  with  the 
light  scattering  results,  reveal  the  different  contributions  made  by  density  and  orientational 
correlations  respectively.  Their  p  relaxation  dynamics,  which  are  quite  similar  for  (T-  Tc)<20K, 
exhibit  minima  that  depart  from  each  other  above  that  temperature.  The  density  correlator  then 
no  longer  follows  the  MCT  asymptotic  predictions  while  the  orientational  correlator  still  does. 
These  findings  may  be  explained  by  various  effects  that  had  not  been  taken  into  account  in  the 
simplest  MCT  models  studied  so  far.  In  particular,  a  recent  two-correlator  MCT  model  may  be 
able  to  reproduce  our  experimental  results,  an  extended  version  of  which,  including  X%in>(T) 
curves,  will  be  published  elsewhere.  Further  study  of  the  different  contributions  to  the 
susceptibility  of  fragile  glasses  is  clearly  needed. 
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Abstract 

The  structural  relaxations  of  a  dense,  binary  mixture  of  charged  hard  spheres  are  studied 
using  the  Mode  Coupling  Theory  (MCT).  Qualitative  differences  to  non-ionic  systems  are 
shown  to  result  from  the  long-range  Coulomb  interaction  and  charge  ordering  in  dense 
molten  salts.  The  presented  non-equilibrium  results  are  determined  by  the  equilibrium 
structure,  which  is  input  using  the  well  studied  Mean  Spherical  Approximation. 

Introduction 

The  equilibrium  structure  of  ionic  liquids  is  strongly  affected  by  the  long-range  nature 
of  the  Coulomb  interaction  [1].  One  aspect  is  the  screening  of  external  charges  familiar  from 
the  Debye-Hiickel  theory  of  ionic  solutions.  Another  aspect  are  oscillations  in  the  charge 
density  around  a  given  ion.  These  oscillations  result  from  the  competition  between  local 
charge  neutrality  and  the  excluded  volume  restriction  due  to  the  finite  diameter  of  the  ions. 
Also  the  dynamics  of  equilibrium  ionic  liquids  in  the  hydrodynamic  regime  differs  from  the 
one  of  uncharged  mixtures.  Coulombic  restoring  forces  lead  to  a  non-diffusive  and  non¬ 
propagating  relaxation  of  charge  fluctuations  [1].  The  MCT  determines  the  slow  structural 
relaxations  of  dense  (supercooled)  liquids  from  their  equilibrium  structure  [2].  In  this  paper 
we  discuss  the  most  salient  features  of  these  results  arising  from  the  long-range  Coulombic 
interactions.  These  will  be  seen  to  be  directly  connected  to  the  familiar  effects  in  the  static 
structure  mentioned  above:  screening  and  charge  ordering. 

Theory 

One  of  the  most  simple  models  of  an  molten  salt  is  a  binary  mixture  of  hard  spheres 
with  radii  di  and  charges  Zi^i  —  1,2.  Global  charge  neutrality  fixes  z\Q\-\-Z2Q2  =  0,  where  Qi 
denotes  the  density  of  species  i.  The  mean  spherical  approximation  [3]  gives  a  satisfactory 
description  of  the  equilibrium  structure  of  this  system,  which  depends  on  the  parameters 
di/d2,  Zilz2^  packing  fraction  (/?  and  coupling  constant  T.  The  packing  fraction  is  the  ratio  of 
volume  occupied  by  spheres  to  the  total  volume.  F  is  a  generalized  inverse  Debye  screening 
length  and  a  measure  of  the  Coulomb  interaction  compared  to  the  thermal  energy.  At  the 
values  of  these  parameters  chosen  in  our  study  and  collected  in  table  I  one  observes  a  liquid 
to  glass  transition  in  the  MCT  equations.  This  transition  is  the  topic  of  the  work  reported. 
It  is  worth  noting  that  the  density  at  the  transition  can  be  chosen  to  be  lower  than  in 
the  uncharged  system  [4].  Obviously,  the  charges  increase  the  interactions  of  the  particles. 
Asymmetric  parameters  (di/d2  7^  1)  were  first  chosen  in  order  to  study  experimentally  more 
realistic  non-symmetric  salts.  The  charge  asymmetry  ^1/^2,  however,  was  then  adjusted  to 
obtain  the  value  A  =  0.85  for  the  exponent  parameter  A;  see  the  discussion.  The  MCT  for 
binary  mixtures  formulates  a  closed  set  of  equations  for  the  time  and  wave  vector  dependent 
density  fluctuation  functions,  [5,2].  Of  particular  interest  are  the 

fluctuations  of  the  total-  or  mass-,  and  the  charge-density,  g''  =  z^g^  +  Z2g^. 
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Table  I:  Molten  salt  equilibrium  parameters  and  results  from  MCT  calculation. 


^2/ di 

Z1/Z2 

F 

keTed^ld^ 

A 

6 

7 

(t/t 

e'o 

e'co 

1.2 

-3 

0.475 

1.68 

0.113  (from  r) 

0.845 

0.40 

3.24 

0.49 

14.9 

3.56 

The  initial  values,  =  0)  =  5“^,  are  the  static  structure  factors  which  are  the  only 

input  determining  the  F^^{t)  via  the  MCT  equations. 

MCT  shows  that  these  equations  exhibit  bifurcations  which  are  identified  as  idealized 
liquid  to  glass  transitions.  Close  to  these  transitions  the  long  time  dynamics  is  predicted  to 
follow  from 

q^F,{t)  =  S,{M,(t)S,  -  I  -  t')F,{t')}  ,  (1) 

where  matrix  notation  is  used  and  the  memory  functions  are  quadratic  polynomials  in  the 
Fg{t)  correlators  with  coefficients  determined  by  the  static  structure  factors  Sg  [2,5].  Ther¬ 
mally  activated  transport  is  neglected  in  (1)  leading  to  its  breakdown  at  low  temperatures. 
Only  aspects  which  are  not  affected  by  this  simplification  will  be  discussed  in  this  article. 

Results 


In  order  to  screen  an  external  charge  the  charge  structure  factor  Sg""  has  to  vanish  for 
small  q,  Sg""  oc  (qAB^,  where  Ad  is  the  Debye  screening  length  [1,3].  This  leads  to  a 
decoupling  of  the  MCT  equations  (1)  for  small  wave  vector.  Whereas  the  mass-density 
fluctuations  are  determined  by  a  frequency  dependent  longitudinal  viscosity  N^(z  —  cn  +  ze), 


Fr(^)/S- 


1 


for  q  ^  0,  where  ’ 


sr^o(^) 

the  charge  fluctuations  couple  to  the  generalized  conductivity  <7(2] 
-1 


F-(z)/Sg- 


z  +  47rza(z) 


for  q  —>■  0,  where  a(z)  =  lim 


g-o  47r  S'f  (2r)  ' 


(2) 

(3) 


These  equations  simplify  further  in  two  frequency  windows  reached  close  to  a  transition. 
From  the  well  known  MCT  results  let  us  only  mention  the  von  Schweidler  decay  which 
describes  the  onset  of  the  a-relaxation,  i.e.  the  final  decay  into  equilibrium  [2]; 

Fg^{t)/S^^  =  fg^  —  F^g  (i/r)^  for  intermediate  times  .  (4) 

The  von  Schweidler  exponent  b  and  the  exponent  7  determining  the  increase  of  the  o;- 
relaxation  time  r  are  functions  of  the  exponent  parameter  A  and  uniquely  determined  at 
the  chosen  transition.  Their  values  are  included  in  table  I.  Eq.  (4)  shows  that  the  density 
fluctuations  exhibit  a  two-step  relaxation.  The  amplitudes  of  the  final  or  a-relaxation 
is  smaller  than  unity.  The  relaxation  is  non-exponential  in  general  and  the  a-relaxation 
times  depend  sensitively  on  temperature  or  density  and  on  wave  vector  by  a  multi¬ 
plicative  factor,  which  roughly  equals  {ff  The  mass-density  correlation  functions 

qualitatively  agree  with  the  results  obtained  for  neutral  one-component  liquids  [2,6].  Fig. 
1  shows  the  a-amplitudes,  which  describe  the  frozen-in  mass-density  structure  at  the 
glass  transition. 
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Figure  1:  Mass-density  a-amplitude  critical  amplitude  and  structure  factor 

The  known  local  packing  on  shells  separated  by  the  mean  average  interparticle  spacing, 
a  ~  is  seen  in  as  a  consequence  of  the  one  in  5^""  [2,6].  Local  neutrality  and 

excluded  volume  effects  lead  to  charge  ordering  and  a  prominent  peak  in  the  charge  structure 
factor,  The  average  spacing  between  ion-shells  of  equal  sign  is  larger  than  the  average 
particle  spacing  resulting  in  the  peak  in  to  lie  at  where  qc  <  Qn-  The  charge-density 
fluctuations  which  are  arrested  at  the  transition,  reflect  this  ordering  [4];  see  Fig.  2. 


Figure  2:  Charge-density  a-amplitude  critical  amplitude  and  structure  factor 
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The  different  mass-  and  charge-density  ordering  also  leads  to  specific  variations  in  the 
wave  vector  dependent  prefactors  of  the  a-relaxation  times  r”"'  and  Fig.  3  shows 
these  variations  as  estimated  from  the  peak  positions  in  the  corresponding  susceptibilities, 
ToJmax  =  1-  A  ^-dependent  slowing  down  at  the  maximal  amplitudes  of  the  a-process  is 
observed.  Superficially,  this  mimics  the  known  De  Gennes  narrowing,  as  the  r,  vary  in 
phase  with  the  static  structure  factors  [1].  However,  this  correlation  only  holds,  because 
the  Qf-relaxation  amplitudes,  /g,  vary  in  phase  and  the  critical  amplitudes,  vary  out  of 
phase  with  the  structure  factors,  Sq  [2];  see  Figs.  1  and  2. 

The  results  presented  thus  far  specify  the  structural  relaxations  on  length  scales  of  the 
order  of  interparticle  distances.  Analyzing  Eq.  (1)  more  closely,  it  is  seen  that  it  also  is 
the  static  structure  on  these  length  scales  which  determines  the  results.  The  quantitative 
results  therefore  depend  on  the  appropriateness  of  the  underlying  microscopic  model,  i.e. 
the  liquid  of  charged  hard  spheres  with  the  choice  of  parameters.  From  Eqs.  (1,3)  one 
can  also  obtain  macroscopic  transport  coefficients  like  the  conductivity  a  and  the  dielectric 
constant  e'  of  the  ionic  melt.  Their  values  are  included  in  table  I.  The  frequency  dependent 
conductivity  determines  the  dielectric  “constant”  via 

e{z)  ==  1  +  .  (5) 

z 

The  liquid  molten  salt  is  characterized  by  a  conductivity  and  dielectric  constant  measured 
at  low  frequencies,  wr  <C  1.  In  the  idealized  glassy  state  the  particles  are  arrested  and  ionic 
transport  over  macroscopic  distances  is  not  possible.  The  Of-relaxation  time  r  diverges  and 
the  conductivity  vanishes.  Eq.  (5)  then  results  in  a  dielectric  constant  £00  which  can  also 
be  observed  in  the  liquid  state  at  high  frequencies,  u;r  1.  Fig.  4  shows  the  dispersion 
of  the  dielectric  constant  versus  lot.  In  the  same  plot,  the  conductivity  crosses  over  from 
its  low  frequency  value  to  a  power  law  behavior,  cr(u;r  >  1)  oc  at  intermediate 

frequencies. 


0.0  2.0  4.0  6.0  8.0  10.0 

qa 


Figure  3:  Wave  vector  dependent  factors  of  the  a-relaxation  times  and 
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Figure  4:  Scaled  conductivity  ar  and  real  part  of  the  dielectric  constant  e  versus  cot. 
Discussion 

The  mixed  salt  CKN  [40%  Ca(N03)2-  60%  KNO3]  is  a  well  studied  glassforming  melt; 
see  [7,8]  and  references  therein.  Its  dynamics  in  a  wide  temperature  range  has  been  studied 
by  neutron  [7]  and  by  depolarized  light  scattering  [8].  In  the  latter  work  it  was  found  that 
the  exponent  parameter  A  0.85  describes  the  dynamics  in  an  intermediate  time  window. 
These  findings  lead  to  the  choice  of  parameters  in  our  model  reproducing  this  A-value.  This 
assures  that  the  asymptotic  dynamics  in  the  intermediate  time  window  is  described  by  the 
correct  asymptotic  master  function  exhibiting,  for  example,  the  von  Schweidler  asymptote 
of  Eq.  (4)  or  Fig.  4. 

The  wave  vector  dependent  prefactors,  like  fg,  hg  and  r,,  are  strongly  coupled  to  the 
structural  input  as  specified  by  our  model  and  discussed  in  the  previous  chapter.  It  cannot 
be  expected  that  the  simple  model  reproduces  these  amplitudes  quantitatively.  However, 
the  variations  of  the  a-amplitude  and  relaxation  time  in  phase  with  Sg"^  and  of  the 
critical  amplitude  out  of  phase  with  it,  are  expected  to  be  general  findings  applicable 
to  molten  salts.  The  corresponding  variations  in  the  mass-density  quantities  shown  in  Fig. 
1  have  been  found  in  MCT  calculations  for  different  simple  liquids  [2,6].  They  have  been 
compared  to  dynamic  light  scattering  spectra  in  colloidal  suspensions;  general  agreement 
with  errors  of  the  order  of  15%  was  observed  [9].  Neutron  scattering  from  CKN  measures 
a  combination  of  charge-  and  mass-density  fluctuations  determined  by  the  different  atomic 
neutron  scattering  cross  sections.  Our  findings  of  peaks  in  the  Q:-amplitudes  and  in  the 
a-times  at  the  wave  vectors,  qc  and  characterizing  charge  and  density  fluctuations  in 
the  equilibrium  structure,  are  in  qualitative  agreement  with  the  reported  measurements  [7]. 
The  results  show  that  charge  ordering  and  local  packing  are  the  underlying  mechanism. 

Let  us  restate,  that  the  increase  of  the  time  scales  at  peaks  in  the  static  structure 
factors  is  not  a  simple  example  of  de  Gennes  narrowing  and  cannot  be  explained  by  short 
time  sum  rules  but  is  a  consequence  of  the  MCT  equations  (1)  [2].  Eqs.  (1)  do  not  include 
the  short  time  dynamics  and  consequently  violate  the  short  time  sum  rules.  The  shown 
variations  result  from  the  specific  magnitudes  of  the  coupling  of  different  modes  in  the 
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memory  functions;  the  couplings  are  determined  by  Sg. 

The  MCT  equations  (1)  correctly  describe  non-propagating  and  non-diffusive  charge 
fluctuations  in  the  long-wavelength  limit  (3).  This  is  a  consequence  of  screening  in  ionic 
melts  which  requires  finite  restoring  forces  for  charge  fluctuations  even  on  long  wavelengths. 
The  generalized  conductivity  changes  from  a  low  frequency  constant,  cr  oc  l/r,  to  a  power 
law  behavior  at  large  cur. 

In  a  cursory  search  liquid  glass  transitions  were  located  for  different  parameters  in  this 
model.  The  parameter  of  table  I  lead  to  a  rather  strong  peak  in  the  charge  structure  factor, 
The  origin  of  this  is  the  large  charge  asymmetry  Z2/Z2  =-3  which  entails  a  corresponding 
concentration  ratio  due  to  the  requirement  of  global  neutrality.  The  overestimated  charge 
oscillations  lead  to  two  special  features  in  our  results.  First,  the  maxima  in  the  g-dependent 
amplitudes  of  the  charge  fluctuations  are  quite  pronounced.  This  prevents  any  quantitative 
comparisons  with  the  neutron  or  light  scattering  data  of  [7,8].  This  failure  emphasizes  that 
quantitative  comparisons  between  MCT  calculations  for  simple  liquids  and  experimental 
data  require  appropriate  microscopic  models  if  non-universal  features  of  the  theory  are 
tested;  see  [6,9].  Second,  comparing  Fig.  1  to  the  corresponding  results  for  one-component 
liquids,  shows  that  the  frozen-in  mass-density  structure  of  the  formed  glass  is  similar  but 
somewhat  distorted.  Inspection  of  other  parameter  values  in  this  model  reveals  that  another 
glassy  structure  becomes  stable  if  the  charge  asymmetry  is  increased  some  more.  The  small 
stability  of  the  studied  glass  to  another  amorphous  structure  is  the  origin  of  the  large 
exponent  parameter.  This  second  glass  differs  in  the  frozen-in  mass-density  but  not  in  the 
charge-density  structure.  A  striking  consequence  of  the  proximity  of  the  two  glassy  states 
is  the  splitting  of  the  a-relaxation  in  for  some  wave  vectors  into  two  processes.  This 

effect  is  indicated  in  Fig.  3,  where  the  inverse  a-peak  position  frequency  jumps  from  one 
process  to  the  other  at  qa  ^2.5.  This  phenomenon  has  been  discussed  in  schematic  MCT 
models  [10]  and  will  be  studied  further  in  this  microscopic  model. 
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ABSTRACT 

We  report  measurements  of  the  temperature  and  pressure  dependence  of  ultrasonic  modulus  in 
polystyrene  between  340  and  550  K  and  applied  pressures  up  to  775  bar.  The  real  and  imaginary 
parts  of  the  modulus  are  analyzed  within  the  Havriliak-Negami  model  and  very  good  agreement 
is  found  over  the  entire  temperature  and  pressure  ranges.  Using  the  Vogel-Tammann-Fulcher 
equation  for  the  relaxation  time,  the  Kauzmann  temperature  and  the  fragility  parameter  D  of 
polystyrene  were  determined.  The  value  of  D  indicates  that  polystyrene  is  a  fragile-glass  former. 

INTRODUCTION 

Relaxation  of  glass-forming  substances  is  a  quite  complex  problem  and  is  still  a  subject  of 
intensive  research,  both  theoretical  and  experimental  [1,2].  Numerous  efforts  have  been  made 
to  build  comprehensive  theories  to  account  quantitatively  for  the  various  properties  observed  but 
in  general  their  success  has  been  limited  [3].  Instead,  the  experimental  observations  are  often 
analyzed  using  phenomenological  expressions.  The  most  successful  among  them  are  the 
Kohhausch-Williams-Watts  (KWW)  stretched  exponential  time  decay  function  [4]  and  the 
Havriliak-Negami  (HN)  model  in  the  frequency  domain  [5].  The  KWW  expression  has  been 
found  to  emerge  naturally  from  a  hierarchy  relaxation  model  proposed  by  Palmer  et  al.  [6].  On 
the  other  hand,  Alvarez  et  al.  [7]  have  recently  demonstrated  the  close  relationship  between 
KWW  and  HN  functions.  One  of  the  widest  application  of  these  expressions  has  been  to 
polymer  glasses.  The  aim  of  this  work  is  to  present  a  new  approach  to  the  analysis  of  ultrasonic 
measurements  that  will  allow  us,  using  the  HN  relaxation  model,  to  extract  fundamental 
information  about  the  viscoelastic  behavior  of  glass-forming  substances.  A  complete  analysis  of 
the  longitudinal  modulus  measured  at  a  frequency  of  2.5  MHz  as  function  of  temperature  and 
pressure  in  a  model  polymer  glass,  namely  polystyrene,  is  presented.  The  fragility  parameter  D 
and  the  relaxation  time,  x  ,  are  extracted  from  fits  to  the  data  using  the  Vogel-Tammann-Fulcher 
equation  (VTF)  [8]. 

EXPERIMENTAL  METHODS 

The  polymer  used  in  this  study  is  atactic  polystyrene  (PS)  manufactured  by  Dow  Chemical  of 
Canada.  The  molecular  weight  is  =  258,000 g/ mo/e  and  =130,000 g/ mo/e, 
(M^  /  =  1.98).  The  samples  consist  of  disks  (3.0  cm  diameter)  held  in  confinement  between 

two  steel  buffer  rods  at  the  opposite  end  of  which  are  attached  an  emitting  and  a  receiving 
ultrasonic  transducer.  A  pressure  up  to  1  kbar  can  be  applied  and  the  sample  thickness 
monitored  to  ±1  pm.  The  temperature  of  the  sample  can  be  varied  from  room  temperature  up  to 
600  K  using  heaters  attached  to  the  steel  rods.  More  details  about  the  experimental  set-up  have 
been  reported  elsewhere  [9].  All  samples  were  prepared  following  the  same  thermal  path  so  that 
systematic  effects  of  pressure  could  be  compared.  The  starting  material  («  3  g)  is  melted  under  a 
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pressure  of  200  bar  and  the  formed  disk  (~  3  mm  thick)  is  annealed  for  30  min  at  490  K.  The 
working  pressure  is  then  applied  and  the  sample  quenched  to  room  temperature.  All 
measurements  of  the  specific  volume  V  (hence  mass  density  p  =  1  /  V ),  sound  velocity  v ,  and  the 
attenuation  a  were  taken  at  a  heating  rate  of  2  K/min.  These  quantities  are  then  translated  in 
terms  of  a  complex  modulus,  M*  =  M'  +  iM" ,  by  the  following  expressions  [10]: 


M" 


2av^ 


(l.a) 


(l.b) 


where  co  =  2nf  is  the  angular  frequency.  The  real  and  imaginary  parts  are  called  the  storage 
(elastic)  and  loss  (viscous)  moduli,  respectively,  and  are  a  measure  of  the  material's  ability  to 
store  and/or  dissipate  energy. 


RESULTS  AND  DISCUSSION 

The  longitudinal  storage,  and  loss,  L'\  moduli  of  PS  are  shown  in  Figure  1  as  a  function  of 
temperature  between  340  and  550  K  and  at  different  pressures  up  to  775  bar.  The  symbols 
represent  the  experimental  data  and  the  solid  lines  are  fits  to  the  theoretical  expressions,  as 
explained  below.  The  storage  modulus  scales  with  increasing  pressure  reflecting  the  more  dense 
structure  at  high  pressures,  as  expected.  At  low  temperatures,  L  is  large  and  decreases  with 
increasing  temperature.  However,  at  the  glass  transition  temperature,  it  bends  over  and 
decreases  more  rapidly  due  to  the  fast  relaxation  in  this  temperature  range  to  finally  reach  its 
value  of  the  relaxed  state  at  high  temperatures.  Similarly,  L"  is  small  below  and  passed  this 
characteristic  point  it  rises  sharply  and  goes  through  a  strong  maximum.  Notice  that  the  peak 
maximum  shifts  to  higher  temperatures  with  increasing  pressure.  However,  the  shape  and  width 
remain  constant  reflecting  the  fact  that  the  relaxation  processes  are  the  same  at  low  and  high 
pressures.  In  turn,  this  suggests  that  the  microscopic  mechanisms  responsible  for  the  relaxation 
are  pressure  independent,  at  least  in  the  pressure  range  considered  here. 

The  frequency  dependent  viscoelastic  modulus  can  be  written  in  terms  of  a  relaxed  modulus, 
M/j,  and  an  unrelaxed  modulus,  as: 

M*  =  Af^  +  [My  -  M^)  M(co)  (2) 


with  My  =  {ivl  and  =pvj,  and  Vy  are  the  low  and  high  temperature  limits  of  the 
velocity  and  p  the  corresponding  mass  density.  A/((i))  =  (l  +  (/mT)“)  is  the  HN  relaxation 
function  [5]  where  x  is  the  average  relaxation  time.  The  exponents,  0<a,7  <1  are  shape 
parameters  characterizing  the  degree  of  asymmetry  of  the  loss  peaks.  For  polymers,  the 
temperature  dependence  of  x  is  usually  expressed  by  VTF  equation  [8]:x  =Xoexp(fi/(r-ro)); 
where  Xq  is  a 
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Figure  1:  Longitudinal  storage,  V ,  and  loss,  L" ,  moduli  as  a  function  of  temperature  at  several 
pressures.  The  symbols  are  the  data  and  the  solid  lines  are  fits  to  HN  model,  as  explained  in  the 
text.  The  applied  pressures  (in  bar)  are  indicated  in  the  figure. 


microscopic  time  scale,  B  and  7^  are  parameters  specific  to  the  material.  The  factor  B  is  related 
to  the  glass-forming  ability  of  the  system  and  Tq  is  the  Vogel  temperature,  usually  located  40  to 
60  K  below  the  glass  transition  temperature. 


The  data  are  fitted  to  the  real  and  imaginary  parts  of  the  complex  modulus  derived  from  Eq.  2. 
The  unrelaxed,  ,  and  relaxed,  L^,  moduli  needed  in  the  theoretical  expressions  are 
determined  independently  from  the  linear  region  of  the  low  and  high  temperature  data  of  the 
storage  modulus.  The  unkown  parameters  are  5,  Tq,  Xq,  a,  and  y .  Hence,  as  a  first  step,  all 
parameters  are  kept  free  in  a  multiparameter  least-squares  fitting  routine.  The  fitting  process 
stops  when  the  deviation  between  the  data  and  the  theoretical  expressions  is  minimum.  In 
carrying  out  the  fits  at  different  pressures  we  found  that  x^,  a ,  and  y  are  pressure  independent 
in  agreement  with  the  observation  made  above  that  the  shape  and  width  of  the  loss  peaks  remain 
constant  as  the  pressure  is  increased.  To  ensure  an  internally  consistent  fit,  we  then  fix  x^,  a, 
and  y  to  their  average  values  and  repeat  the  analysis.  B  and  are  now  the  only  adjustable 
parameters.  Thus,  our  analysis  effectively  involves  only  two  variables.  The  results  of  the  fit  are 
shown  by  the  solid  lines  in  Figure  la-b  and  the  numerical  values  of  the  parameters  are  given  in 
Table  I.  The  agreement  is  very  good  in  all  cases  over  the  temperature  range  from  to  the 
highest  temperatures  for  both  the  storage  and  the  loss  parts  of  the  longitudinal  modulus.  The 
discrepancy  below  for  L"  is  due  to  secondary  (p)  relaxation  losses  not  considered  in  this 
work.  Therefore  we  conclude  that  relaxation  in  polystyrene  is  well  described  by  HN  model.  The 
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TABLE  I:  The  glass  transition  temperature  and  the  fitting  parameters 
using  Vogel-Tammann-Fulcher  equation  in  polystyrene. 


Pressure 

(bar) 

r,(K) 

ro(K) 

B(K) 

D 

TJT, 

100 

372 

327 

1878 

5.74 

1.14 

225 

378 

327 

1890 

5.78 

1.16 

350 

383 

335 

1929 

5.76 

1.14 

500 

388 

336 

1970 

5.86 

1.15 

630 

395 

343 

1977 

5.76 

1.15 

775 

400 

347 

1990 

5.73 

1.15 

Errors:  7;,±1K;  B,±10K. 


values  of  To  « 10"'^ sec,  a  =  0.78 ±0.03  and  y  =0.19 ±0.02  are  within  the  expected  range  and 
compare  well  with  the  literature  [1 1, 12,  13]. 

The  temperature  is  plotted  in  Figure  2,  together 
with  the  glass  transition  temperature  as  determined 
from  velocity  of  sound  and  specific  volume 
measurement  [14].  Both  quantities  increase  linearly 
with  pressure.  However,  it  is  worth  to  mention  that 
Tg  increases  at  a  faster  rate  than  in  such  a  way 
that  the  ratio  «1.15,  remains  constant  (see 
Table  I).  A  similar  result  has  also  been  found  for  a 
number  of  other  substances  [15, 16]  and  is  believed 
to  be  a  simple  manifestation  of  the  validity  of  time- 
temperature  superposition  principle  [17].  On  the 
other  hand,  according  to  Angell  [2,18],  is 
closely  related  to  the  Kauzmann  temperature  at 
which  the  viscosity  diverges  and  the  excess 
configurational  entropy  vanishes.  Therefore,  our 
analysis  provides  an  alternative  and  simple  way  to 
determine  this  fundamental  parameter. 

The  parameter  B  can  be  written  as:  B  =  DTq, 
where  D  is  called  the  fragility  parameter  [2,  18]. 

Using  the  values  of  and  B  one  can  easily  extract 
D  (see  Table  I).  Notice  that  within  error,  D~5.B, 
remains  constant  over  the  entire  pressure  range.  Qualitatively,  D  is  related  to  the  topology  of 
the  potential  energy  surface  of  the  system.  For  fragile  glasses  (D  <6),  the  density  of  energy 
minima  is  high  whereas  so-called  strong  glasses  (D  >  15)  are  characterized  by  a  relatively  low 
density  of  such  minima  [18].  It  is  relatively  more  difficult  for  a  strong  glass  former  to  find  a 
minimum  than  its  counterpart  and  this  will  be  reflected  in  the  relaxation  spectrum.  The 
relaxation  of  strong  glasses  is  Arrhenius  like  in  contrast  to  that  of  fragile  systems  which  is 
strongly  non-Arrhenius  [18,19].  Based  on  our  results,  polystyrene  can  therefore  be  classified  as 


Figure  2:  The  glass  transition  temperature 
and  the  Vogel  temperature  Tq  as  a  function  of 
pressure. 
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a  fragile  glass;  consistent  with  the  non-Arrhenius  dependence  of  the  relaxation  time  as 
displayed  in  Figure  3. 


Finally,  it  is  useful  to  briefly  compare  the  values 
obtained  from  our  fits  to  those  obtained  using 
the  Williams-Lendel-Ferry  (WLF)  time- 
temperature  superposition  principle  [17].  WLF 
is  a  very  practical  tool  to  represent 
experimental  data  measured,  for  example  as  a 
function  of  frequency,  at  different  fixed 
temperature  on  a  same  "universal"  curve  hence 
greatly  simplifying  their  analysis  [20].  The 
expression  of  the  temperature  superposition 
factor  Oj.  is  given  by  [17, 20]: 


logflj. 


-q{T-r] 

c,+(T-r 


(3) 


where  Cj  and  C2  are  constants  that  depend  on 
the  reference  temperature  T*.  For  comparison 
purposes,  the  glass  transition  temperature  is 
usually  selected.  Equation  3  and  VTF 
expression  are  equivalent  if  Q  =  b/2.3(7^  -7^) 
and  C2  =  -  Tq  .  Using  our  values  in  Table  I, 

we  find  that  C^  varies  between  16-18  and 


C2»  48-53 


Figure  3:  The  relaxation  time  of  polystyrene  as 
determined  from  fits  to  the  longitudinal  modulus 
at  different  pressures  as  indicated  in  the  figure  (in 
bar).  The  arrows  point  to  the  value  of  I  at  the 
glass  transition  temperature. 


K.  These  values  compare  very 
well  with  Cj  «17.1  and  02  =  51.6  K,  reported 
in  the  literature  [21,  22].  This  remarkable 

agreement  lends  another  strong  support  to  our  measurements  and  analysis. 


CONCLUSION 


We  have  studied  in  detail  the  mechanical  relaxation  of  PS  as  a  function  of  temperature  and 
pressure  using  ultrasonic  techniques.  We  have  shown  that  the  relaxation  behavior  is  in  very  good 
agreement  with  the  predictions  of  HN  model.  Furthermore,  with  our  approach  we  were  able  to 
obtain  the  Kauzmann  temperature  and  the  fragility  parameter  D.  The  value  of  D  is 
comparable  to  those  of  fragile  glasses  with  a  strong  non-Arrhenius  relaxation  time.  We  also 
compared  our  values  of  the  different  parameters  with  the  ones  obtained  from  WLF  time- 
temperature  superposition  method  and  found  very  good  agreement. 
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ABSTRACT 

Thermal  relaxation  of  glass  structure  has  been  studied  on  silica  glasses  densified  by 
hot  isostatic  pressing.  Density  of  the  glasses  relaxed  toward  the  value  of  an  undensified 
glass  by  thermal  annealing.  Relaxation  rates  of  density  of  the  glasses  were  measured  after 
the  annealing  at  several  temperatures.  Fast  and  slow  relaxation  processes  were  found  from 
the  analysis  by  using  a  stretched  exponential  relaxation  function  0(t)=exp{-(t  The 

slow  process  becomes  dominant  after  the  fast  process.  Raman  scattering  spectrum  also  has 
been  measured  through  the  thermal  relaxation.  The  width  of  the  main  band  at  450cm  ^ 
increased  by  the  annealing  and  recovered  the  value  for  the  undensified  glass  after  the  fast 
process.  The  bands  at  1060  and  1200  cm  *  shifted  back  to  the  positions  for  the  undensified 
glass.  The  high  density  state(Ap/p-0.5%),  however,  was  maintained  even  after  the  fast 
process.  From  these  results,  it  is  deduced  that  the  fast  process  is  due  to  the  recovery  of  the 
03Si-0-Si03  tilt  angle  and  Si-O-Si  bond  angle  to  the  mean  values  for  the  undensified  glass. 

INTRODUCTION 

Amorphous  silica  (a-SiOj) 
attracts  many  researchers  who  wish 
to  understand  the  structure  and 
properties  of  amorphous  materials 
because  of  its  simple  compositions 
and  its  many  polymorphous  crystal 
phases  compared  with  the  amorphous 
state.  As  is  known  from  neutron/X- 
ray  diffraction  and  infrared/Raman 
spectra  of  silica  glass,  the  glass  is 
formed  by  a  structural  unit  consisting 
of  four  oxygen  atoms  located  at  the 
corners  of  a  tetrahedron  with  a  silicon 
atom  at  the  center  (SiO^  tetrahedron). 

The  tetrahedra  are  linked  at  the 
corners  to  form  the  glass  network, 
but  the  structure  itself  is  not  yet 
entirely  clear.  Several  models  have 
been  proposed  for  the  medium-range  scale  structure  of  the  glass  network.  Fig.  1  shows  a 
possible  structure  model  consisting  of  a  linking  random  network  of  Si04  tetrahedra.  In  this 
model,  ring  structures  formed  by  several  structural  units  also  exist.  The  average  bond 
angle  between  connected  SiO^  tetrahedra,  i.e.,  the  Si-O-Si  bond  angle,  is  calculated  to  be 
144" . 

Densification  of  the  a-Si02  [1-3]  is  an  interesting  phenomenon  for  understanding  the 
amorphous  structure.  The  structure  of  dense  a-SiO^  has  been  studied  by  infrared  (ir) 
absorption  and/or  reflection,  [4-8]  Raman-scattering  [7-12]  spectra,  and  x-ray  and/or  neutron 
diffraction  [13-16]  measurements.  In  these  studies,  it  was  interpreted  that  the  densification 
of  the  ^r-SiOj  is  due  to  a  decrease  in  average  Si-O-Si  bond  angle  between  connecting  SiO^ 
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Fig.  1  Schimatic  model  of  silica  glass  structure. 


tetrahedra,  [4-11,17-19],  or  due  to  decreasing  the  mean  number  of  members  constituting 
ring  structure.[12, 17-18]  Since  a  high  density  state  should  be  unstable  at  an  atmospheric 
pressure,  the  density  of  the  glass  will  recover  toward  that  of  the  undensified  glass  at  high 
temperature,  while  maintaining  its  density  at  room  temperature  due  to  the  rigidity  of  the 
structure  on  a  finite  time  scale.  The  history  of  temperatures  and  pressures  during  densification 
affects  this  thermal  relaxation  process.  [3,  20-21]  Under  pressing  at  high  temperatures,  the 
glass  network  readily  rearranges  and  reaches  a  stable  state  under  the  pressure.  At  low 
temperatures  or  under  shearing  stress,  however,  many  strained  linkages  may  be  introduced 
into  the  glass.  This  internal  strain  gives  rise  to  structural  relaxation  at  relatively  low 
temperatures.  Hydroxyl  impurity  in  the  glass  also  affects  the  relaxation  process.  Recently, 
Kitamura  et  al.  [22]  reported  a  relaxation  of  the  0.6%  densified  silica  glass  which  contains 
hydroxyl  impurity  of  1200  wt.  ppm.  It  was  found  that  the  relaxation  process  is  complex  and 
dependent  on  the  annealing  temperature.  However  structure  analysis  or  dependence  of  the 
initial  density  under  thermal  annealing  is  not  reported  yet,  although  the  analysis  is  important 
and  of  interest  for  understanding  the  relaxation  processes. 

In  this  paper,  we  shall  deal  with  silica  glasses  densified  at  around  glass  transition 
temperature  under  high  pressures.  Isothermal  relaxation  of  its  densities  has  been  performed, 
and  a  mechanism  of  the  relaxation  has  been  studied  by  using  Raman  scattering  and  infrared 
spectroscopy. 

EXPERIMENT 

Silica  glass  synthesized  directly  by  hydrogen-oxygen  flame  hydrolysis  was  used  as 
the  starting  material.  The  OH  content  of  this  glass  was  about  1200  wt.  ppm,  which  was 
estimated  from  the  ir  absorption  of  A-OH(A  is  Si  or  H)  at  3650  cm  ’. [23]  Clear  glass  blocks 
were  densified  by  hot  isostatic  pressing(HIP)  in  an  argon  gas  atmosphere  at  1200"C(near 
glass  transition  temperature)  under  IGPa  for  2  hours.  The  densified  glasses  were  cut  into 
small  plates  with  15xl5x3mm  for  annealing  experiment.  The  glass  was  annealed 
isothermally  for  various  times  at  100”C  intervals  from  SOO^C  to  1100°C  in  air.  Density  of 
the  glass  was  measured  by  Archimedes'  method  within  an  error  of  ±5x10  "*  g/cm‘\  Raman 
scattering  and  infrared  reflection  spectra 
have  been  measured  in  the  glass  annealed  at 
900"C.  Isothermal  annealing  and  density 
measurement  were  repeated  until  total 
annealing  time  of  64  hours. 

RESULTS  AND  DISCUSSION 

Density  of  the  undensified  glass  was 
2.1998  g/cm'\  The  density  increased  by  about 
3.6%  (A p/p)  after  hot  isostatic  pressing  under 
IGPa  at  1200"C.  The  OH  content  in  the  glass 
was  not  changed  after  the  densification.  Non¬ 
exponential  decay  of  the  density  against 
annealing  time  was  found  for  all  the  isothermal 
annealings.  The  non-exponential  relaxation 
processes  were  expressed  well  by  the  following 
stretched  exponential  relaxation  function 
[20,21]: 

^(T,f)  =  exp{-{t  (1) 


Time(hour) 


Fig.  2  Relaxation  function  versus  annealing 
time  for  3.6%  densified  silica  glass. 
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where  t)  is  the  relaxation  function  defined  by 


(2) 


The  constant  values,  and  p^,  are  densities  of 
undensified  (or  fully  relaxed)  glass  and 
unrelaxed  glass  before  the  annealing, 
respectively.  p(7’,  t)  is  the  density  after  annealing 
at  TK  for  ^  hours,  p  is  a  constant  value  associated 
with  the  relaxation  process,  is  the  effective 
relaxation  time.  Double  logarithm  of  the 
relaxation  function  ln(-ln<f>)  is  plotted  against 
annealing  time  in  fig.  2.  Fast  and  slow  relaxation 
processes  were  found  in  this  annealing.  In  the 
fast  process  which  appears  in  relatively  short 
time  region,  the  relaxation  function  increased 
monotonically  and  is  considered  to  have 


Table  1.  Optimized  parameters  in  stretched 
exponential  relaxation  function  under 
annealing  at  several  temperatures  for 
3.6%  densified  silica  glass. 


Temperature 

(”C) 

3.6%  densified 

P  V(h) 

800 

0.54 

43 

900 

0.48 

0.96 

1000 

0.49 

0.23 

1100 

- 

- 

already  finished  in  this  time  scale  under  annealing  at  1100“C.  At  the  end  of  the  fast  process, 
the  density  maintains  about  0.5%  higher  value  than  that  of  the  undensified  glass.  The 
relaxation  function  increased  slightly  in  the  slow  process.  The  stretched  exponential  relaxation 
function  (1)  has  fitted  to  the  experimental  data  of  the  fast  process  and  the  optimized 


0  200  400  600  800  1000  1200 

Wavenumbers(cm**) 


parameters,  p  and  x^^  ,  are  listed  in 
table  1.  The  p  value,  which  corresponds 
to  slopes  of  the  straight  lines,  is 
independent  of  the  annealing 
temperature  for  the  3.6  %  densified  glass, 
while  the  value  decreased  with  the 
increase  of  annealing  temperature  for  the 
0.6%  densified  glass.[22]  For  the  0.6% 
densified  glass,  the  temperature 
dependent  relaxation  process  may  be  due 
to  the  diffusion  of  hydroxyl  (via  protons 
or  H^O  molecules),  because  the  glass  has 


Fig.  3  Raman  scattering  spectra  from  3.6%  many  hydroxyl  impurities  and  the 

densified  silica  glass  and  undensified  glass.  diffusion  should  be  enhanced  at  higher 
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Fig.  4  Peak  positions  of  1060  cm  ‘  and  1200  cm  ‘  Raman  bands  versus 
time  under  annealing  at  900"C. 


181 


temperatures.  For  the  3.6%  densified  glass, 
the  independence  of  the  parameter  p  from 
annealing  temperature  may  be  due  to  the 
suppression  of  the  hydroxyl  diffusion  owing 
to  a  reduction  in  geometric  space  in  the 
glass  network.  Another  relaxation  process 
with  quite  longer  relaxation  time  becomes 
dominant  after  the  fast  relaxation.  This 
slow  relaxation  process  has  the  p  value  of 
one  order  smaller  than  that  for  the  fast 
process.  Fig.  3  shows  Raman  scattering 
spectra  for  the  densified  and  undensified 
silica  glasses.  Bands  at  wevenumbers  460, 
490, 600, 800, 1060  and  1200  cm^  are  caused 
by  localized  vibration  modes  in  the  glass 
network.[10,  24-26]  Bands  near  1060  and 
1200  cm  ‘  due  to  the  antisymmetric 
stretching  vibration  in  Si-O-Si  linkage 
[10,26]  shifted  toward  lower  wavenumbers 


Time  (hours) 


Fig.  5  Band  width  of  460  cnv‘  Raman 
band  versus  time  under  annealing  at  900"C. 


after  the  densification.  Contrary  to  this,  a 

band  at  800cm'^  assigned  to  the  symmetric  stretching  vibration  in  O-Si-O  linkage  shifted 
toward  higher  wavenumbers.  The  central  force  model  predicts  that,  as  the  Si-O-Si  bond 
angle  decreased,  the  adjacent  Si-O  stretching  contributions  become  less  coupled,  and  the 
symmetric  and  antisymmetric  components  converge  in  frequency.  [27,28]  This  corresponds 
to  the  observed  behavior  of  the  silica  glass  on  densification.  In  addition,  the  narrowing  of 
the  460  cm'*  band  would  correspond  to  an  increase  in  the  mean  dihedral  angle  OjSi-O-SiOj 


in  the  densified  glass.[24] 

Annealing  at  900"C  changed  the  positions  of  1060  and  1200  cm  *  bands  back  toward 
the  positions  for  the  undensified  glass.  Fig.  4  shows  the  peak  positions  of  the  two  bands 
against  annealing  time.  The  shift  of  the  both 

bands  in  Raman  spectra  almost  saturates  1125j  “ 

within  about  10  hours.  As  seen  in  fig.  2,  a  ^ 

fast  process  gives  place  to  a  slow  process  after  g  1 1 24  -  m  ^  ^ 

about  10  hours  under  the  900"C  annealing.  w  ^  i 

This  alternation  corresponds  well  to  the  '§1123  -  ^ 

relaxation  behavior  ofthe  Raman  bands.  The  ^  r 

relaxation  of  a  width  of  the  460  cm  *  Raman  -  1 122  -  undensified 

band  is  shown  in  fig.  5.  The  width  of  the  S 

band  recovered  to  the  value  of  undensified  ^1121  -  Annealing  at  900°C 

glass  within  the  same  time  scaie  (10  hours).  ^ 

These  results  show  that  the  dominant  fast  ^  .  i  ■  i  ■  i  ■  l  .  i  ■  i  ■  i  i  I  ■  I  ■ 

relaxation  process  is  attributed  to  the  0  20  40  60  80 

recovers  of  the  Si-O-Si  bond  angle  (1060  and  Time  (hours) 

1200  cm  *  band)  and  the  03Si-0-Si03  dihedral 

angle  to  the  values  of  undensified  glass.  In  pig.  6  Peak  position  of  1 120  cm  *  infrared 
the  Infrared  reflection  spectra,  a  main  band  reflection  band  versus  time  under  annealing 
at  1120  cm'*  was  shifted  toward  lower  energies  at  900”C. 
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Annealing  at  900°C 
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Fig.  6  Peak  position  of  1 120  cm  *  infrared 
reflection  band  versus  time  under  annealing 
at  900”C. 


by  the  3.6%  densification.  Peak  position  of 
the  1 120  cm  *  band  is  shown  against  annealing 

time  in  fig.  6.  The  1120  cm  *  band  shifted  back  in  a  few  hours  by  the  same  annealing.  This 
behavior  is  not  consistent  with  the  fast  process.  However,  the  reflection  measurement  observes 
only  the  surface  portion  of  the  glass,  because  infrared  light  penetrates  only  less  than 
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micrometers.  Therefore,  this  different  behavior  from  the  Raman  spectra  is  due  to 
inhomogeneous  relaxation  around  the  surface  portion. 

It  is  interesting  that  Raman  scattering  and  ir  reflection  spectra  fully  recovered  after 
the  fast  process,  while  the  high  density  state  remains  slightly  (about  0.5%).  The  difference 
in  glass  structure  between  the  glass  under  relaxing  in  the  slow  process  and  the  undensified 
glass  is  not  found  in  this  structure  analysis.  The  slow  relaxation  process  might  be  due  to  a 
structural  change  of  medium/long  range  order.  For  example,  rearrangement  from  small  to 
large  membered  ring  structures  or  release  of  entanglement  of  glass  network,  are  possible 
structural  changes  without  affecting  the  average  bond  angle  or  dihedral  angle.  Measurement 
of  glass  structure  by  using  neutron  diffraction  or  XAFS  will  be  needed  for  analyzing  these 
structural  changes. 

CONCLUSIONS 

Fast  and  slow  relaxation  processes  were  found  in  3.6%  densified  silica  glass  under 
annealing  at  several  temperatures  from  the  analysis  by  using  a  stretched  exponential 
relaxation  function.  Main  relaxation  process,  i.e.,  the  fast  process  is  due  to  the  recovers  of 
Si-O-Si  bond  angle  and  dihedral  angle  between  two  SiO^  tetrahedra  toward  the  values  for 
the  undensified  glass.  The  slow  process  is  possibly  due  to  structural  changes  in  medium  or 
long  range  order. 
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ABSTRACT 

Glass  transition  of  of  copper  is  simulated  by  the  molecular  dynamics  method.  Embedded 
atom  method  potential  is  used.  The  glass  state  was  produced  by  quenching  the  liquid 
sample,  which  was  produced  by  melting  a  crystal.  The  split  second  peak  in  RDF  was 
observed  in  the  glass  state. 


INTRODUCTION 

The  glass  transition  is  one  of  the  most  important  problems  in  the  condensed  matter 
physics[l].  In  the  glass  state,  especially  at  low  temperatures,  materials  shows  abnormal 
behaviors  in  the  mechanical  (acoustic)  and  the  thermal  properties.  These  abnormality  is 
considered  to  be  related  to  the  disordered  structure  of  the  glass  state.  The  characteristic 
structure  of  glass  may  be  formed  at  the  glass  transition,  where  the  dynamics  of  atoms 
plays  an  important  role.  A  computer  simulation  study  on  the  glass  transition  of  copper  is 
described  in  this  paper. 


METHOD  OF  SIMULATION 

The  process  of  the  simulation  for  glass  transition  is  as  follows.  Firstly,  a  model  copper 
crystal  was  melted  by  giving  the  particle  velocity  to  make  a  liquid  state.  Secondly,  the 
liquid  state  was  quenchd  by  setting  the  particle  velocity  to  be  zero.  Then  the  configulation 
of  atoms  were  relaxed  to  obtain  a  quasi-equiliblium  state. 

The  geometry  of  the  starting  model  crystal  to  be  melted  is  shown  in  Fig.  1,  which  has 
a  cubic  shape  with  edges  along  [100]  axes.  The  numbers  of  atoms  involved  in  the  crystals 
are  1099.  The  configulation  of  atoms,  which  is  initially  located  in  a  middle  plane  (shaded 
plane  in  the  figure)  are  monitored. 

The  embedded  atom  method  potential  developed  by  the  present  authors[2]  was  used  to 
express  the  interaction  between  copper  atoms.  The  total  energy  is  expressed  as 

s.o,  =  e^w+5E'^('-..).  (1) 

F{p)  =  Dp\np,  p  =  (2) 
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Fig.  1.  Model  crystal 

where,  F{p)  is  the  embedding  energy  for  z-th  atom,  p  is  the  electron  density  function,  4)  is 
the  pairwise  interaction  energy  and  is  the  distance  between  i-th  and  j-th.  atoms.  For 
the  functional  forms  of  (f)  and  /,  we  assume 

=  A(rc  -  r)exp(-Cir),  (3) 

(l)(r)  =  B{rc  -  r)  exp(-C'2r).  (4) 

Here  rc  is  the  cut  off  length  of  the  interaction,  and  7’  and  rc  are  nomalized  by  the  nearest 

neighbor  distance. 

As  a  initial  condition  before  the  melting,  atoms  are  placed  in  the  perfect  crystal  positions 
of  fee  structure  and  the  random  velocity,  is  given  to  each  i-th  atom.  After  500  time  steps 
liquid  state  is  produced.  The  relation  of  the  mean  velocity  and  the  reference  temperature 
of  the  liquid  T*  is 

mv^  —  (5) 

where  m  is  the  atomic  mass  and  is  the  Boltzmann’s  constant. 

After  the  system  attained  a  liquid  state,  velocities  of  all  the  atoms  were  removed  and 
molecular  dynamics  relaxation  was  started.  The  time  interval  At  of  the  difference  equation 
was  set  to  be  5  X  10“^^  sec.  The  atomic  configulation  and  the  radial  distribution  function 
(RDF)  were  calculated  every  hundred  time  steps. 
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Fig,  4.  Motion  of  atoms  in  a  sample  quenched  at  700  [K], 


RESULTS  AND  DISCUSSION 

A  model  crystal  kept  at  T  =  850K  was  quenched  and  relaxed.  The  configulation  of 
atoms  initially  located  on  a  middle  plane  of  the  crystal  is  shown  in  Fig.  2  as  a  function 
of  molecular  dynamics  time  steps.  The  radial  distribution  function  (RDF)  is  also  shown 
in  Fig.  3.  It  can  be  seen  that  the  broad  peaks  in  RDF  becomes  narrow  and  the  second 
peak  splits  to  two  peaks.  This  phenomenon  is  well  known  and  is  observed  experimentally  in 
amorphous  metals  [3].  The  relaxation  was  continued  up  to  1000  steps,  but  no  appreciable 
change  of  the  RDF  was  observed. 

Another  example  of  the  relaxation  at  lower  temperature  (T*  =  TOOK)  is  shown  in  Fig.  4 
and  Fig.  5.  At  the  starting  point  the  configulation  is  disordered  and  the  RDF  is  liquid-like. 
After  the  relaxation  an  ordered  structure  in  configulation  and  sharp  peaks  in  RDF  are  seen 
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Fig.  5.  Change  of  RDF  in  a  sample  quenched  at  700  [K]. 


to  be  recovered.  Namely,  the  crystal  is  not  melted  at  this  temperature.  Further  study  on 
the  effects  of  quenching  rate  is  in  progress. 
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ABSTRACT 

We  have  investigated  the  slow  dynamics  in  the  glass  transition  region  of  a  supercooled 
liquid  [Ca(N03)2]o.4[KN03]o.6  by  measuring  the  dynamic  specific  heat  in  the  frequency 
range  from  0.01  Hz  to  5  kHz.  The  equilibrium  dynamics  of  the  system  in  this  range  is  well 
described  by  the  stretched  exponential  function,  exp[-(t/r)^],  and  the  Vogel-Fulcher  type 
relaxation  time,  r  =  tq  exp[A/(T  -  To)]. 

INTRODUCTION 

Of  the  possible  phases  of  condensed  matter,  the  disordered  phases,  liquids  and  glasses, 
are  not  understood  as  well  as  its  crystalline  counterparts  are.  In  recent  years  particular 
interest  has  been  focused  on  the  nature  of  the  glass  transition  from  a  liquid  to  an  amor¬ 
phous  solid.  Although  liquids  under  equilibrium  conditions  are  considered  as  disordered 
arrangements,  lacking  a  long-range  order,  of  molecules,  they  still  possess  structures  in  the 
short  or  medium  range. [1]  However,  these  orders  are  not  of  static  nature  and  consequently 
they  appear  as  structural  fluctuations.  When  the  temperature  of  a  liquid,  for  example,  is 
changed,  the  structure  of  a  liquid  changes  accordingly  to  the  new  equilibrium  condition 
and  this  phenomenon  is  often  called  structural  relaxation.  While  this  structural  relax¬ 
ation  occurs  on  a  microscopic  time  scale  in  ordinary  situations,  extremely  slow  relaxation 
manifests  itself  when  a  liquid  is  sufficiently  cooled  below  the  freezing  temperature.  It  is 
the  purpose  of  this  paper  to  report  the  results  of  our  investigation  on  the  slow  enthalpy 
relaxation  in  the  supercooled  state  of  [Ca(N03)2]o.4[KN03]o.6  mixture  (CKN). 

^  Of  course,  a  liquid  generally  undergoes  a  first-order  phase  transition  into  a  crystal  when 
it  is  supercooled;  however,  there  are  materials  which  can  be  easily  supercooled  without 
being  crystallized  mainly  due  to  the  fact  that  they  have  a  large  viscosity  at  the  freezing 
temperature. [2]  One  such  example  is  CKN,  which  forms  an  ionic  liquid  when  melted.  CKN 
was  chosen  for  the  present  study  for  two  reasons:  its  good  glass-forming  ability  and  simple 
structure.  First,  the  ability  for  CKN  to  stay  supercooled  for  days  without  crystallization 
was  essential  in  carrying  out  time-consuming  dynamic  (or  frequency  dependent)  specific 
heat  measurements  to  study  the  slow  enthalpy  relaxation  in  the  supercooled  state.  Second, 
one  may  hope  that  the  structural  simplicity  of  CKN,  that  is,  the  fact  that  potassium  and 
calcium  ions  have  spherical  charge  distribution  of  argon  and  nitrate  ions  are  of  trigon  shape 
would  perhaps  allow  microscopic  interpretation  of  the  macroscopic  enthalpy  relaxation. 

In  the  dynamic  specific  heat  measurements,  one  probes  the  linear  response  of  the 
system  to  a  very  small  ac  heat  variation. [3,4]  While  the  situation  associated  with  more 
common  rate-scanning  experiments  (heating  and  cooling)  must  be  described  as  a  nonsta¬ 
tionary,  viz.  nonequilibrium  and  nonlinear,  relaxation,  the  dynamic  specific  heat  measure¬ 
ments  are  always  carried  out  both  in  equilibrium  and  in  the  linear  response  regime.  In 
other  words  the  system  would  be  in  full  equilibrium  as  soon  as  the  ac  heat  were  turned  off. 
Thus  the  dynamic  spjecific  heat  measurements  yield  information  on  the  dynamic  nature 
of  the  system  in  equilibrium  in  contrast  to  the  rate-scanning  method  which  probes  the 
system  falling  out  of  equilibrium. 

DYNAMIC  SPECIFIC  HEAT 

Specific  heat[5]  is  one  of  the  fundamental  quantities  characterizing  a  condensed  matter 
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system.  While  specific  heat  is  ordinarily  considered  to  be  a  static  thermodynamic  quantity, 
one  can  generalize  it  as  a  dynamic  quantity.  The  concept  of  dynamic  specific  heat  appears 
natural  if  one  recalls  that  static  thermodynamic  quantities  are  time-averaged  (or  ensemble- 
averaged)  ones.  They  are  static  not  because  they  do  not  change  in  time,  but  because  they 
change  too  rapidly  on  the  experimental  time  scale  which,  in  our  case,  is  larger  than  10  ^  sec. 

For  the  isobaric  thermal  responses,  the  enthalpy  deviation  of  a  system  from  the  equi- 
libirum  value,  6H^  per  unit  volume  can  be  phenomenologically  written  as 


6H{t)/V  =  f  +  C^5T(t)  (1) 

J — oo 

where  V  is  the  volume  and  5T  denotes  an  external  perturbation.  represents  the  con¬ 
tribution  from  the  degrees  of  freedom  such  as  phonons  which  can  respond  instantaneously 
and  is  the  response  function  due  to  the  slow  relaxation.  One  may  also  write  Eq.  (1) 

in  terms  of  the  relaxation  function  R{t,t')  defined  as  .  For 

the  system  in  equilibrium  the  relaxation  function  has  the  additional  property  of  being 
stationary,  i.e.^  R{t,t')  =  R{t  —  t'). 

From  the  statistical  mechanical  point  of  view,  all  the  equilibrium  or  near-equilibrium 
properties  of  a  system  is  described  as  a  function  of  'Ho/ksT^  where  ks,  and  T  are  the 
Hamiltonian  of  the  system,  the  Boltzmann  constant,  and  the  ternperature  respectively.  For 
the  temperature  variation  5T,  the  perturbing  term  in  the  Hamiltonian  is  obtained  from 

Ro/ksiT  -b  6T)  =  Ro/kBT{l  +  6T/T)  =  Ro{l  -  dT^jkBT .  (2) 

Thus,  6T  couples  to  the  Hamiltonian  of  the  system  and  R(t)  is  obtained,  considering  that 
one  is  dealing  with  the  isobaric  situation,  from  the  linear  response  theory[6] 

R{t)  =  [l/kBT^V)  <  6HR{t)  6Hr{0)  >  (3) 

where  5Hr  represents  the  enthalpy  fluctuation  associated  with  the  slow  relaxation. 

The  complex  dynamic  specific  heat,  Cpiu)  =  Cp{u))  +  i  Cp'{u),  may  be  expressed  in 
terms  of  the  Fourier  transform  of  the  time  derivative  of  the  relaxation  function  R(t): 

Cpiu)  =  C-  -f  J^[-dR{t)/dt]e^-^dt 

^oo 

-  +  iiw/kBT^V)  /  dte^^^  <  SHR{t)5HRiO)  >  (4) 

Jo 

where  is  the  static  specific  heat  which  includes  contributions  from  both  fast  and  slow 
degrees  of  freedom.  Thus  slow  relaxation  of  enthalpy  governed  by  the  system  dynamics 
is  the  origin  of  the  frequency-dependent  specific  heat  and  therefore  one  can  probe  the 
slow  dynamics  of  the  system  by  measuring  the  dynamic  specific  heat.  On  the  other  hand, 
when  the  dynamics  of  the  system  occurs  at  a  rate  faster  than  the  probing  frequencies,  the 
dynamic  specific  heat  becomes  the  usual  static  specific  heat. 

EXPERIMENT 

In  measuring  the  dynamic  specific  heat  of  CKN,  the  Sw-technique  was  adopted.  [4]  The 
essence  of  the  technqiue  lies  in  using  either  a  planar  or  a  line  resistive  element  in  contact 
with  a  sample  as  a  heater  and  sensor  simultaneously.  When  the  ac  current  at  angular 
frequency  to  flows  into  the  heater,  heat  is  generated  at  2uj  and  the  temperature  oscillation 
at  the  same  frequency  will  result.  The  amplitude  of  this  oscillation  is  determined  by  how 
well  the  heat  from  the  heater  is  diffused  into  the  sample  which  is  in  intimate  contact  with 
the  heater  and  thus  reflects  the  thermal  properties  of  the  sample.  Since  the  sample  in  this 
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case  is  a  liquid,  we  deposited  by  thermal  evaporation  a  metallic  heater  on  a  glass  substrate. 
I  hen  a  liquid  sample  was  placed  on  top  of  the  substrate. 

As  was  shown  in  Ref.  [4]  in  detail,  the  temperature  oscillation  at  the  heater,  5T,  in  the 
present  configuration  is  given  for  the  planar  case  by 

5T  =  [Pol(yj2i^C^(Mi^+  ^j2wCg(2u)Kg  (5) 

where  Pq  is  the  power  per  unit  area  generated  at  the  heater  and  k  is  the  thermal  conduc¬ 
tivity  of  the  sample.  The  behavior  of  a  thin  wire  heater  at  low  frequencies  is 


ST  =  [-P/27v{K-hKg)]\n2uj  +  constant  =  Tmage^"^  (6) 


where  P  is  the  power  per  unit  length.  The  subscript  g's  in  Eq.  (5)  and  (6)  stand  for  the 
glass  substrates  and  they  represent  the  background  values  of  ST  which  can  be  calibrated 
(^)  (^)  indicate  that  one  can  obtain  Cp(u)  and  k  separately  by  measuring 

01'  as  a  function  of  frequency  in  both  cases. 

Detection  of  this  temperature  oscillation  at  the  heater  is  done  as  follows.  An  ac  current 
through  the  heater,  I{t)  =  locosut,  generates  the  Joule-heating  at  2cj,  P{t)  =  PR  - 

(l/2)7o  R(H-  cos2LJt)\7]  The  ac  power  causes  the  temperature  oscillation  of  the  heater 
according  to  Eq.  (5)  or  (6)  and  the  temperature  oscillation  in  turn  generates  the  resistance 
oscillation  at  the  same  frequency:  R{t)  =  Ro[l  +  aTma9Cos(2ujt  -  0)]  where  a  is  the 
temperature  coefficient  of  resistivity  of  the  heater.  Then  the  voltage  across  the  heater 
y(t}  =  I[t)R(t),  appears  as 

y  (t)  =  Iq  cos  Ujt  '  Ro[l  -1-  aTmagCOs{2ut  —  (f))]  —  I^Rocoswt 

-f  (\/2)lQRQaTmagCOs{ut  -  4>)  {\ /2)IqRq  aTmag  COs(^UJt  -  (j))  .  (7) 

It  is  the  second  and  third  terms  that  contain  the  thermal  information  of  the  sample  we 
want  to  measure.  These  terms  are  very  small  compared  to  the  first  term,  the  normal  ac 
voltage,  since  a  ~  0.004  K  ^  and  Tjnag  is  kept  small  to  stay  in  the  linear  regime.  However, 
one  can  take  advantage  of  the  fact  that  the  last  term  appears  at  3a;  by  using  a  Wheatstone 
bridge  to  balance  out  the  large  unwanted  signal. 

(a)  (b) 


/vm 


FIGURE  1.  (a)  Schematic  diagram  of  the  Wheatstone  bridge.  Ri  is  a 

manganin  wire  and  resistances  of  R2  and  Ry  are  much  larger  than  those  of 
the  left  arm.  The  sync-out  signal  of  the  synthesizer  is  tripled  by  a  home¬ 
made  circuit,  (b)  The  mask  patterns  used  to  produce  planar  (top)  and  line 
(bottom)  heaters. 
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Fig.  1(a)  is  the  experimental  setup.  The  resistors,  R2  and  Ry,  in  the  right  arm  of  the 
bridge  had  the  values  in  the  range  of  kil,  which  were  much  larger  compared  to  20  ~  30  0 
of  Ri  and  the  heater,  to  inhibit  the  current  flowing  into  this  side.  A  manganin  wire  with 
a  small  a  was  used  as  a  Ri  to  suppress  the  third  harmonic  generation.  By  balancing  the 
bridge,  we  removed  the  large  fundamental  signal  and  detected  Zu)  signal  with  a  lock-in 
amplifier.  Also  shown  in  Fig.  1(b)  are  the  mask  patterns  used  in  evaporating  metallic 
heaters  of  thickness  ~  1000  A  on  glass  substrates  on  top  of  which  liquids  were  placed.  The 
width  and  length  of  a  line  heater  were  typically  60  ^m  and  6  mm  respectively,  while  the 
sides  of  a  zigzag-shaped  planar  heater  were  6  mm  long. 


RESULTS 


The  frequency  range  we  were  able  to  cover  was  from  0.01  Hz  to  5  kHz  and  it  means  that 
we  had  a  frequency  window  of  more  than  5  decades.  (The  frequency  in  this  section  refers  to 
the  heating  frequency  2a;/27r  in  the  previous  section.)  This  frequency  window  turned  out 
to  be  adequate  in  studying  the  dynamics  associated  with  the  glass  transition  of  CKN.  By 
using  the  two  types  of  heaters,  we  obtained  the  specific  heat  and  the  thermal  conductivity 
of  CKN  independently.  As  far  as  the  thermal  conductivity  of  CKN  is  concerned,  we 
could  not  detect  any  appreciable  change  or  any  frequency  dependence  in  the  whole  glass 
transition  region. [8]  This  suggests  that  the  heat  carrying  modes,  probably  high  frequency 
phonons,  are  not  affected  at  all  by  the  glass  transition. 

In  Fig.  2  shown  are  the  real  (C^  and  imaginary  {C”)  parts  of  the  dynamic  specific 
heat  of  CKN  against  the  logarithm  of  frequencies.  As  is  easily  seen  from  the  data,  the 
dynamics  of  the  system  slows  down  with  decreasing  temperature  and  the  shape  of  C”  is 
asymmetrical.  These  features  are  typical  of  many  glass  formers;  since  it  has  been  found 
that  the  stretched  exponential  or  KWW  (Kohlrausch- Williams- Watts)  function  adequately 
describes  the  dynamics  for  them,  the  data  at  each  temperature  were  fitted  to  Eq.  (4)  with 
R(t)  —  AC'pexp[-(i/T)^]  where  ACp  is  a  parameter  representing  the  relaxation  strength. 


O 

■D 


log^pEf  (Hz)] 

FIGURE  2.  The  real  and  imaginary  parts  of  Cp{ijj)  of  CKN  as  a  function 
of  frequency.  The  solid  lines  are  fits  to  the  data  with  a  KWW  function, 
exp[-(t/r)^l,  with  /?=0.53  (344  K),  0.57  (351  K),  and  0.62  (358  K). 
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To  enhance  the  precision  we  used  the  set  of  real  and  imaginary  data  simultaneously  in 
fitting;  it  is  noted  that  since  Cp  does  not  vary  as  a  function  of  temperature,  the  fitting 
was  done  with  three  parameters, z.e.,  ACp,  r,  and  13.  The  best-fit  curves  drawn  through 
the  data  indicate  that  the  KWW  function  is  indeed  good  in  describing  the  slowing  down 
of  the  enthalpy  of  CKN  in  the  glass  transition  region. 

In  the  upper  inset  of  Fig.  3,  the  relaxation  time,  _r,  obtained  from  the  fitting  is  shown 
against  1/T.  We  can  easily  see  from  the  data  points  that  the  relaxation  time  is  not 
behaving  in  an  Arrehnius  fashion,  but  in  a  Vogel-Pulcher  one.  The  solid  line  represents 
the  best  fit  to  the  data  using  the  Vogel-Fulcher  form,  r  =  roea;p[A/(T  -  To)].  The  fitting 
procedures  yielded  the  values  for  parameters:  tq  =  sec,  A  =  1800  AT,  To  = 

288 ±8  FT.  These  are  reasonable  physical  values  and  To  is  probably  close  to  the  Kauzmann 
temperature  Tk-  Although  the  crossover  of  the  relaxation  time  from  an  Vogel-Pulcher 
to  an  Arrhenius  behavior  at  low  temperatures  was  noted  from  the  viscosity  data, [9]  our 
data,  which  represent  the  lowest-frequency  dynamic  characterization  of  CKN  to  date,  obey 
well  the  Vogel-Fulcher  law  in  the  whole  temperature  range.  In  the  lower  inset  of  Fig.  3 
shown  is  the  KWW  fitting  parameter  j3  versus  T.  From  the  data  it  is  obvious  that  (3  is 
changing  linearly  as  a  function  of  temperature.  The  significance  of  this  behavior  is  that 
the  width  of  C"  (u;)  increases  as  T  decreases  and  thus  any  analysis  based  upon  the  fact  that 
—  constant,  for  instance  time-temperature  superposition,  is  not  correct.  This  will  also 
be  of  paramount  importance  in  analyzing  the  rate-scanning  results. [8]  It  is  of  value  to  note 
that  if  we  attempt  the  linear  fitting  of  p  versus  T,  we  obtain,  within  experimental  error, 
(3  =  a(T-To)  where  a  is  a  constant.  Considering  that  the  temperature  range  for  the  data 
is  far  off  from  Tq,  it  may  not  be  appropriate  to  place  too  much  physical  meaning  on  this 
behavior;  however,  we  mention  that  there  exists  a  theory  predicting  such  a  behavior. [10] 
Now  that  we  have  the  full  characterization  of  the  enthalpy  relaxation  in  CKN,  we  can 
test  a  very  interesting  idea  of  serial  decoupling  of  modes  in  the  glass  transition  region; 


FIGURE  3.  The  relaxation  times  of  CKN  vs  T~^.  The  solid  circles 
denote  enthalpy  relaxation  times  from  this  work,  while  the  open  circles 
denote  the  shear  times  from  Ref.  [9].  The  upper  inset  diplays  the  Vogel- 
Fulcher  fit  of  r  from  the  dynamic  specific  heat  data  and  the  lower  inset 
shows  ^  as  a  function  of  T. 
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CKN  is  often  cited  as  an  example  of  this  decoupling.  [11]  The  essence  of  the  idea  is  that  while 
on  short  time  scales  (or  at  high  temperatures)  the  shear,  volume,  and  enthalpy  relaxation 
times  are  all  the  same,  the  shear  modes  decouple  from  the  rest  and  the  shear  relaxation 
occurs  at  a  faster  rate  as  the  temperature  is  reduced  toward  the  glass  transition.  To  test 
if  decoupling  really  occurs,  we  plotted  simultanesously,  in  Fig.  3,  the  average  enthalpy 
relaxation  time  <  r  >  (solid  circles)  and  the  shear  relaxation  time  ts  (open  circles).  The 
average  relaxation  time  is  defined  as  <  r  >=  tT{1/P)/ (3  where  F  is  the  usual  gamma 
function,  while  rs  is  defined  as  =  rj/Goo  where  r}  is  the  shear  viscosity  and  Goo  is  the 
high-frequency  limit  of  the  shear  modbus.  Values  of  t)  and  Goo  were  taken  from  Ref.  [9]. 
As  can  be  seen  in  the  figure,  the  two  kinds  of  relaxation  times  coincide  and  we  do  not  find 
any  evidence  of  decoupling.^  Thus  if  decoupling  indeed  did  occur,  it  should  do  so  at  longer 
times  than  ~  10  sec  which  is  the  inverse  of  our  lowest  measuring  frequency. 

CONCLUSIONS 

We  have  measured  the  dynamic  specific  heat,  characterizing  the  equilibrium  behavior, 
of  a  supercooled  liquid  CKN  in  the  frequency  range  from  0.01  Hz  to  5  kHz.  It  was  shown 
that  the  enthalpy  relaxation  near  the  glass  transition  of  CKN  is  well  described  by  the 
stretched  exponential  function,  exp[-(i/r)^],  and  the  Vogel-Pulcher  type  relaxation  time, 
r  =  To  exp[A/ (T  — 2b)]*  Currently  investigation  on  the  nonlinear  relaxation  is  in  progress. 
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ABSTRACT 

We  show  that  the  variation  of  the  structural  unit  in  tellurite  glasses  is  due  to  the  charge 
transfer  from  modifier  atoms  to  TeOe  octahedra  with  use  of  first-principles  molecular  orbnal 
calculations.  Orbital  overlap  population  analysis  reveals  that  the  transferred  electrons  to  the  1  e- 
O  antibonding  orbital  cause  breaking  Te-0  bonds  and  lead  to  reducing  the  coordination  number 
of  the  Te  atom. 

INTRODUCTION 

Structural  units  of  tellurite  glasses  are  reported  to  be  TeOx  (x=3-6)  polyhedra  [1-6].  It  is  in 
contrast  with  the  structural  unit  of  siUcate  glasses  (an  Si04  tetrahedron)  which  is  not  affected  by 
modifier  atoms.  Usually,  modifier  atoms  are  added  to  enhance  glass  formation,  as  a  result  ot 
network  breaking  (breaking  the  chains  of  structural  units)  and  increment  of  entropy  (decreasmg 
liquidus  temperature).  In  tellurite  glasses,  however,  the  modifier  atoms  play  one  niore  important 
role:  causing  the  variation  of  the  structural  unit  itself  In  order  to  elucidate  this  vanation  induced 
by  modifiers,  we  have  investigated  the  chemical  bonding  in  tellurite  glasses  with  use  ot  tirst- 
principles  molecular  orbital  calculations. 

CALCULATION  ,  .  .  ir 

Glass  has  the  structural  units  similar  to  the  short  range  order  in  the  analogous  crystalline 
compounds.  Table  I  shows  the  examples  of  the  structural  unit  for  the  crystalline  compounds 


Table  I  Coordination  number  and  structural 
unit  of  some  tellurite  compounds. 

Coordination  Number  Structural  Unit  Compounds 


Metal  modifier  (TeOe)^^  cluster  in  a-TeOz 

(0<6<1) 


Figure  1  Schematic  illustration  of  charge 
transfer  from  a  metal  modifier  to  TeOe 
cluster.  The  parameter  5  (0<5<1)  which 
represents  the  fractional  ionic  character  in  a 
Te-0  bond. 
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(M-Te-0;  M=Zn,  Cu,  Ba,  Li).  On  the  analogy  of  these  structures,  the  structural  units  of  the 
tellurite  glasses  should  be  TeOx  (x=3-6)  polyhedra  as  derived  forms  of  the  TeOe  structural  unit 
found  in  paratellurite. 

Since  the  electronegativity  of  M  (metal  modifier  atoms  such  as  Zn,  Cu,  Ba,  Li,  etc.)  is 
smaller  than  those  of  Te  and  O  (0.8-1.9,  2.1,  and  3.5  for  M,  Te,  and  O  on  the  Pauling  scale, 
respectively  [7]),  the  charge  should  transfer  from  M  to  TeOe.  In  general,  a  bond  in  a  compound 
is  partly  covalent  and  partly  ionic.  In  paratellurite,  the  charge  states  of  a  Te  atom  and  an  O  atom 
^e  Te"^  and  using  the  parameter  5  (0<5<1)  which  represents  the  fractional  ionic  character 
in  a  Te-0  bond.  Thus,  the  initial  charge  state  for  the  TeOe  octahedron  should  be  (TeOe)*^.  The 
parmeter  d  can  not  be  easily  determined.  Despite  a  considerable  research  effort,  ionicity  even 
of  simple  alkaline-earth  oxides  is  still  controversial  [8].  The  ionicity  5  in  paratellurite  will  be 
discussed  later.  In  tellurite  glasses,  the  net  charge  n  for  (TeOe)”'  cluster  can  be  defined  by 
8d+ncr,  where  ncr  is  the  amount  of  the  charge  transferred  from  M  to  TeOe.  Figure  1  shows  the 
schematic  illustration  of  the  charge  transfer. 

We  reveal  how  the  parameter  n  affect  the  electronic  structure  and  Te-0  bonding  in  the 
TeOe  octahedron.  The  electronic  structure  of  (TeOe)”'  clusters  are  calculated  with  use  of  the 
self-consistent-charge  discrete  variational  Xa  (SCC-DV-Xa)  method  [9].  The  SCC-DV-Xa 
method  has  been  successfully  applied  to  the  interpretation  of  x-ray-photoemission  spectra  for 
crystalline  parateUurite[10].  Li  this  method,  the  Hartree-Fock- Slater  (HFS)  equation  for  a  cluster 
is  self-consistently  solved  with  use  of  a  localized  exchange  potential  (Xa  potential).  The  adjustable 
(exchange-correlation)  parameter  a  was  taken  to  be  0.7  as  usual.  Numerical  tellurium  ls-5p  and 
oxygen  ls-2p  atomic  orbitals,  which  were  obtained  as  solutions  of  the  atomic  HFS  equations, 
were  utilized  as  basis  sets. 

In  order  to  shed  light  on  what  occurs  in  the  chemical  bonding  of  the  TeOe  cluster  due  to  the 
charge  transfer,  we  assumed  the  same  structure  as  the  TeOe  octahedron  found  in  paratellurite. 
Figure  2  shows  the  crystal  structure  of  paratellurite  including  the  octahedral  TeOe  cluster  employed 
in  this  calculation.  The  TeOe  cluster  is  made  of  one  centr^  Te  atom  and  six  octahedral  O  atoms 
which  can  be  divided  into  following  three  types:  The  first  is  axial  type  (Oi)  found  at  a  distance  of 
3.84  a.u.  from  central  Te  atom;  The  second  is  equatorial  type  (On)  at  a  distance  of  3.84  a.u.;  The 
third  is  also  equatorial  type  (Om)  found  at  a  distance  of  5.05  a.u.[l  1].  Calculations  on  this  cluster 
were  performed  with  C2  point-group  symmetry. 


Figure  2  Schematic  illustration  of  a  TeOe  cluster  in  paratellurite. 
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RESULTS  AND  DISCUSSION 

Figure  3  shows  the  results  for  Mulliken  overlap  populations,  which  scale  bond  order  in 
simple  meaning,  versus  net  charge  n  for  the  (TeOe)”'  clusters  [12],  While  the  overlap  population 
of  Te-On  bond  increases  slightly  as  n  increases,  those  of  bonds  Te-Om  and  Te-Oi  decrease 
drastically  to  negative  values  at  n=7  and  8,  respectively.  As  no  bonding  is  expected  m  the  regions 
of  the  negative  overlap  population,  the  bonds  Te-Om  and  Te-Oi  should  break,  and  consequent^ 
the  coordination  number  of  the  Te  atom  reduces  from  6  via  4  to  2  as  n  increases  fro rn  6  to  8. 
While  odd  coordination  numbers  do  not  appear  essentially  in  our  present  calculations  because 
of  C2  point-group  symmetry,  the  trend  that  the  bonds  Te-Oin  break  first  and  secondly  the  Te-Oi 
break  as  the  coordination  number  reduces  is  consistent  with  the  experiments.  For  exam^e,  the 
structural  unit  TeOe  (more  strictly,  Te04+2)  in  paratellurite  changes  to  ToOa  in  Zn2Te308  ^d 
CuTeOs  due  to  the  modifier  atoms  with  bond  breaking  of  Te-Om;  The  reduction  in  the  coordmation 
number  from  4  to  2  is  consistent  with  Raman  investigation  of  alkali  tellurite  glasses  which 
indicated  that  the  coordination  state  of  tellurium  atom  changes  from  Te04  through  TeOs+i  to 
TeOs  with  the  bond  breaking  between  Te  and  axial  O,  which  corresponds  to  Oi  in  present 
calculation,  as  increasing  alkali  oxide  [6].  Actual  tellurite  glasses  are  made  up  of  not  one  structural 
unit  but  the  mixture  of  Te04,  TeOs+i,  and/or  TeO^  [6,13].  This  is  due  to  local  inhomogenuity. 
The  electrons  do  not  transfer  from  the  modifier  atoms  to  all  the  structural  units,  and  consequently 
two  or  more  states  of  the  structural  unit  exist. 


Net  charge  n  for  the  (TeOg)^"  cluster 

Figure  3  Mulliken  overlap  populations  for  bonds  Te-Oi,  Te-On, 
and  Te-Om  versus  net  charge  n  for  the  (Te06)“‘  cluster. 

Figure  4  shows  orbital  overlap  populations  (OOPs)  for  each  Te-0  bond  in  the  neutral 
(TeOe)®'  cluster  with  the  energy  level  structure.  Positive  (negative)  OOP  means  bonding 
(antibonding)  feature  of  that  orbital.  An  electron  in  bonding  (antibonding)  state  contributes  to 
making  (breaking)  the  bonds,  hence  the  integral  of  the  OOP  below  the  highest  occupied  molecular 
orbital  (HOMO)  gives  bond  order,  namely,  the  Mulliken  overlap  population  [14].  There  are  five 
weU-separated  bands  in  the  occupied  state  region.  The  bands  A  and  B  are  mainly  composed  of  O 
2s  with  small  amount  of  Te  5s  and  5p  bonding  characters,  respectively.  The  band  C  is  made  up 
of  the  Te  5s  orbital  admixed  with  0  2s  antibonding  states.  The  band  D  is  bonding  orbitals 
between  Te  5p  and  O  2p  containing  a  small  amount  of  the  O  2s  antibonding  character.  The  band 
E  originates  from  the  O  2p  states  [10].  In  the  rigid  band  scheme,  electrons  occupy  the  levels 
marked  1, 2, 3,  and  4  in  order  as  n  increases.  Each  level  can  contain  2  electrons.  The  occupation 
of  the  levels  1, 2,  and  3  hardly  contribute  to  the  Te-0  bonding  judging  from  the  small  OOPs. 
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These  levels  are  of  O  2p  character  and  merely  make  lone  pairs.  Therefore,  the  bonding  nature 
does  not  change  up  to  n=6.  When  n  exceeds  7,  electrons  occupy  the  marked  4  level  and  then  the 
overlap  populations  of  each  bond  decrease  because  of  the  large  antibonding  character  of  this 
level.  In  this  case,  Te-Oi  bond  is  most  weakened.  However,  Te-Om  bond  is  first  broken  since  Te- 
Oqi  bond  has  smaller  overlap  population  than  Te-Oi  from  the  beginning.  The  OOP  at  the  marked 
4  level  for  Te-Oa  bond  is  the  smallest  antibonding  character,  and  therefore,  this  bond  remains  in 
bonding  state.  Thus,  the  variation  of  the  structural  unit  in  tellurite  glasses  is  most  likely  caused 
by  the  electrons  in  the  marked  4  level. 


(TeOg)*^"  cluster 


Figure  4  (a)  Energy-level  structure  of  (TeOe)®'  cluster.  Solid  and  dotted  lines 
show  occupied  and  unoccupied  levels,  respectively.  Levels  marked  1, 2,  and  3 
are  of  O  2p  character  and  marked  level  4  is  of  Te  5s  and  5p,  and  O  2p  characters, 
(b)  Orbital  overlap  populations  (OOP's)  for  bonds  Te-Oi,  Te-On,  and  Te-Om 
in  the  (TeOe)®'  cluster.  The  OOP  curves  are  obtained  by  convolution  of  the 
OOP  and  a  Gaussian  function  with  0.5  eV  full  width  half  maximum. 
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Finally,  we  estimate  the  initital  charge  state  and  the  bond  ionicity  S  of  paratellurite.  As 
dicussed  above,  the  variation  of  the  structural  unit  is  caused  by  2  or  less  electrons  in  the  marked 
4  level.  This  is  consistent  with  the  crystalline  compounds.  Namely,  even  assuming  that  all  modifier 
atoms  are  completely  ionized,  the  transfer  charge  ncr  par  one  cluster  is  2  or  less;  For  example, 
ncT=0  for  paratellurite,  ncT=2  for  Li2Te03,  BaTeOs,  CuTeOs,  and  ncT=4/3  for  Zn2Te308.  Thu^ 
we  may  estimate  ncr  to  be  2  or  less.  It  follows  from  this  estimation  that  the  initial  net  charge  8o 
must  be  ca.  6,  i.e.  5==0.75,  for  structural  unit  changing  by  ncr  as  shown  in  figure  3.  In  paratellurite, 
therefore,  the  net  charge  of  a  Te  atom  and  an  O  atom  should  be  ca.  +3  and  ca.  -1.5,  respectively. 


CONCLUSION 

We  have  shown  that  the  variation  of  the  structural  unit  in  tellurite  glasses  is  due  to  the 
charge  transfer  from  modifier  atoms  to  TeOe  octahedra  with  use  of  first-principles  molecular 
orbital  calculations.  Mulliken  overlap  populations  indicate  that  the  oxygen  coordniation  number 
of  a  Te  atom  reduces  as  the  charge  transfer  progresses.  This  is  consistent  with  the  trend  found  in 
metal  tellurite  structures.  Orbital  overlap  population  analysis  reveals  that  the  transferred  electrons 
to  the  Te-0  antibonding  orbital  cause  breaking  Te-0  bonds  and  lead  to  reducing  the  coordination 
number  of  the  Te  atom. 
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ABSTRACT 

Glasses  are  amorphous  solids  that  exhibit  an  intricate  structural  relaxation.  A  broad  relaxation  time 
spectrum  always  emerges  when  these  systems  are  perturbed.  By  using  a  Langevin-type  differential  equation  to 
describe  the  structure  dynamics  of  these  materials,  it  is  depicted  how  the  broad  relaxation  time  spectrum  arises 
due  to  the  stochastic  noise  and  how  this  affects  the  system’s  structure  evolution  as  it  is  cooled  dovm  into  the  glass 
transition  region.  This  stochastic  model  provides  a  macroscopic  as  well  a  microscopic  view  of  the  glass  relaxation 
process. 

INTRODUCTION 

The  structural  rearrangement  following  a  thermal  perturbation  to  a  glass-forming  liquid  is  called 
structural  relaxation.  At  low  viscosities,  the  relaxation  times  involved  in  the  process  are  very  short,  and  become 
longer  as  the  system  cools  down.  Glass  transition  region  (GTR)  of  a  liquid  refers  to  the  temperature  range  in 
which  the  relaxation  times  are  of  the  order  of  the  observation  time.  Below  the  GTR,  the  liquid  appears  frozen  in 
an  out-of-equilibrium  configuration. 

The  concept  of  fictive  temperature,  7},  has  been  widely  used  to  account  for  the  structural  state  of 
glasses.  It  was  introduced  by  Tool  to  describe  the  relaxation  of  stresses  in  annealing  glasses  [1].  By  using  the 
expression 

dT,  1 

-f=-(T-T)  (1) 

dt  T  ^ 

(known  today  as  Toot’s  equation),  where  x  is  a  relaxation  time  and  T is  the  temperature,  he  was  successful  in 
accounting  for  the  nonlinearity  of  the  glassy  relaxation  process.  However,  this  equation  neglects  the  properties 
fluctuations  observed  in  glasses  and  fails  to  explain  the  memory  effects.  In  general,  a  comprehensive  glass 
relaxation  model  must  explain  properties  such  as  nonexponential  decay,  nonlinearity,  memory  effects,  etc.  The 
models  proposed  so  far  tend  to  take  a  somewhat  pragmatic  approach  and  are  short  in  sound  physical  meanings, 
if  judged  from  a  theoretical  view  point.  In  this  paper,  we  propose  a  stochastic  model  for  glass  relaxation 
processes.  We  will  show  how  a  stochastic  term  in  our  formulation  influences  the  structure  evolution  of  glass¬ 
forming  liquids,  and  what  physical  insight  we  can  gain  about  glass  transition  phenomena  from  the  modeling 
results. 

THE  STOCHASTIC  MODEL 

The  physical  properties  (e.g.,  density,  refractive  index,  etc.)  of  glasses  fluctuate  from  point  to  point  in 
space.  In  this  theory,  we  partition  a  macroscopic  glass  sample  into  microscopic  subsystems,  or  cells.  If  the 
dimensions  of  such  cells  are  small  compared  to  the  characteristic  fluctuation  length,  di  fictive  temperature  can 
be  ascribed  to  each  cell.  This  is  the  local  fictive  temperature,  z(r,  t),  which  is  a  function  of  position,  r,  and  time. 
We  can  redefine  2}  as  the  spatial  average  of  z: 

T^lp{r,t)d^r.  (2) 

V 
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We  propose  a  differential  equation  for  the  structural  evolution  of  a  glass-forming  liquid  that  is  controlled 
by  three  competing  factors:  ( 1 )  a  global  thermodynamic  driving  force  of  the  T  ool  type,  proportional  to  ^  -  z(r) ) , 
which  tends  to  restore  equilibrium  between  the  system  and  its  surroundings  (thermal  bath)  whenever  z  ^  T;  (2) 
a  local  structural  driving  force,  due  to  inhomogeneities  within  the  system,  which  can  be  accounted  by  the 
gradient  term,  |  Vz| ;  and,  (3)  a  stochastic  force,  originated  from  thermal  fluctuations. 

Considering  the  first  two  factors,  a  free-energy  density  functional  can  be  expressed  as 

Ar><T-zf^^\Vz\\  (3) 


where  a  and  p  are  constants. /(rj  has  the  Ginzburg-Landau  form  [2].  Applying  the  force-flux  relations  [3]  we 
have  a  deterministic  model: 


dz_  ^bfiz) 
dt  bz 


(4) 


where  K  is  constant.  If  we  add  a  stochastic  term,  d(t),  that  accounts  for  the  thermal  fluctuations: 


dt  bz 


(5) 


Substituting  (3)  in  (5),  and  renaming  constants,  we  get  the  sought  stochastic  differential  equation: 

|?=±(7'-z)+i-v^z+e(o. 

dt 


(6) 


The  RHS  consists  of  a  relaxation,  a  diffusion-like  and  a  stochastic  term.  Solutions  to  Eq.  (6)  describe  the 
evolution  of  z  as  a  function  of  r  and  t.  Xj  and  x^  are  relaxation  times  that  depend  on  z,  |  Vz| ,  T  and  other  factors, 
and  their  form  will  be  considered  below.  Without  the  stochastic  term,  equation  (6)  is  identical  to  the  equation 
derived  by  Gupta  by  applying  the  gradient  energy  formalism  [4].  The  first  term  of  equation  (6)  describes  the 
tendency  of  a  system  to  relax  toward  thermal  equilibrium  with  its  surrounding  at  temperature  7;  the  second  term 
accounts  for  the  influence  of  the  nearest  neighbors  of  a  cell  and,  therefore,  determines  the  cooperative  dynamics 
in  GTR;  and  the  last  term  considers  the  thermal  noise. 

We  assume  that  the  stochastic  force,  0,  satisfies  the  next  correlations: 


<0(O)=O  and  (0(/)0(/'))=r6(<-?'),  (7) 


where  the  brackets  indicate  time  averaged  quantities  and  V  gives  the  size  of  the  driving  force  generating  the 
fluctuations. 

At  temperatures  well  above  the  GTR,  a  liquid  is  in  equilibrium  and  the  cooperative  dynamics  present 
in  glasses  and  viscous  liquids  (produced  by  the  strong  mutual  interaction  between  adjacent  regions  of  the  system) 
is  very  weak.  Therefore,  as  a  good  approximation,  we  can  neglect  the  second  term: 


^=±(r-z)+0(o. 

dt 


(S) 


If  T  does  not  change  abruptly: 
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(9) 


dt 


where  ^=z-T.  This  is  simply  a  Langevin  equation  [5]  in  which  the  stochastic  force,  Q(t),  is  responsible  for  the 
fluctuations.  A,  and  -A/t^  is  a  damping  force.  Integrating  (9)  and  using  (7): 


(10) 


If  we  fiirther  assume  that  the  temperature  fluctuations  are  of  the  same  order  as  the  deviations  of  the  local  fictive 
temperature,  z,  and  make  use  of  the  fluctuation-dissipation  theorem  [6],  we  find  that 


(11) 


where  is  the  Boltzmann  constant  and  c  ^  is  the  heat  capacity  at  constant  volume.  This  expression,  which 
indicates  that  T  decreases  as  the  relaxation  time  increases,  is  only  valid  in  an  equilibrium  situation;  however,  we 
expect  that  as  temperature  drops  and  the  liquid  becomes  increasingly  more  viscous,  the  role  of  the  stochastic  force 
diminishes  in  a  similar  way. 

In  the  GTR,  the  atomic/molecular  dynamics  is  highly  cooperative  and,  as  inhomogeneities  within  the 
system  grow,  the  relaxation  and  diffiision-like  terms  overwhelmingly  predominate  over  6{t)  in  Eq.  (6).  This  is 
true  because  even  though  the  first  two  terms  on  RHS  of  Eq.  (6)  are  multiplied  by  either  or  l/v^  (which  are 
small  for  viscous  or  supercooled  liquids),  the  factors  (T-z)  and  become  much  larger  than  Q(t),  which  in 
addition  changes  direction  constant  and  randomly,  and,  for  timescales  of  the  order  of  or  x^,  its  average  is  zero. 
At  temperatures  where  liquids  are  viscous,  the  atomic/molecular  dynamics  will  be  governed,  mainly,  by 
structural  and  relaxation  factors;  however,  the  inhomogeneities  that  the  stochastic  noise  has  sowed  at  higher 
temperatures  grow  in  size  and  play  a  very  important  role  as  the  temperature  goes  through  the  GTR.  Thus,  for 
temperature  in  or  near  the  GTR; 


^=-(T-zy 

dt  Xn 


-V^z. 


(12) 


SOLUTION  OF  THE  STOCHASTIC  MODEL 

The  stochastic  model  is  constructed  on  the  basis  of  our  current  understanding  on  physics  of  glasses.  Each 
model  parameter  has  its  clear  physical  meaning.  We  could  thus  make  sensible  simplification  for  a  numerical 
solution  of  the  differential  equation.  Let  us  subdivide  the  system  into  N  identical  cubic  subsystems  or  cells,  whose 
dimensions  are  small  compared  to  the  characteristic  lengtii  of  the  fluctuations,  so  that  a  local  fictive  temperature 
can  be  ascribed  to  each  cell.  In  this  three-dimensional  arrangement  of  ^lls,  z,^;*  denotes  the  z  of  the  cell  {i,  j,  k). 
The  cell’s  environment  structural  state  can  be  estimated  by  defining  z  its  neighbors’  z-average.  Considering 
only  the  six  nearest  neighboring  cells,  those,  with  which  faces  are  shared; 

For  cells  on  the  sides,  edges  or  comers  of  the  system,  the  number  of  nearest  neighbors  is  different,  and  (13)  is 
modified  accordingly.  For  computational  convenience,  we  approximate  (6)  by; 

(14) 

dt 
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where  a  =  {i,j,  k).  The  relaxation  times  and  are  functions  of  the  properties  of  each  particular  cell  and  its 
environment;  no  subscript  a  is  used  in  this  case  for  simplicity.  The  first  two  terms  on  the  RHS  have  the  same 
form;  T  and  similar  roles.  If  the  first  term  stands  alone,  the  free-energy  functional  (3)  decreases  as  g 

approaches  J;  on  the  other  hand,  considering  solely  the  second  term,  a  homogeneous  structure  is 

energetically  favorable.  There  is  a  competition  between  the  thermal  (first  term)  and  the  structural  (second  term) 
contributions. 

Mathematically,  it  is  very  difficult  to  solve  a  dynamic  system  of  such  complexity.  Nevertheless,  the 
problem  can  be  solved  by  using  our  screened  dynamics  model  [7].  The  basic  idea  of  this  model  is  that  when  Eq. 
(14)  is  applied  to  a  cell,  it  can  be  assumed  that  one  of  the  first  two  terms  predominates  over  the  other,  according 
to  the  state  of  the  cell  and  its  nearest  neighbors.  In  some  cases,  the  structure  of  a  cell  readily  relaxes  toward  a  state 
of  lower  energy  (global  minimum),  but  in  most  of  the  cases,  the  cell’s  structure  is  trapped  in  a  far-from- 
equilibrium  situation  (local  minimum),  and  it  would  relax  only  if  some  of  its  neighbors  do  it  first.  The  dynamics 
described  by  this  model  is  similar  to  that  depicted  by  the  models  of  hierarchically  constrained  dynamicsm .  By 
applying  the  screened  dynamics  model,  (14)  becomes 


^=IL(T-z  - 

dt  -  “ 


(15) 


where 

(16) 


H{x)  is  the  Heaviside 's  unit  step  function,  defined  by 

11  for  Jc  >  0 
0  for  x<  0. 


The  global  minimum  in  a  thermally  agitated  system  is  =  J for  all  the  cells;  any  deviation  from  this  state 
triggers  restoring  forces.  The  trend,  throughout  the  system,  is  the  cells,  on  average,  being  impelled  to  achieve 
a  structural  state  of  lower  energy.  At  temperatures  near  the  GTR,  the  cells  are  strongly  influenced  by  the  structure 
of  its  immediate  surroundings.  If  a  cell  is  in  a  structural  state  which  energy  level  is  higher  than  that  of  its 
immediate  environment,  the  restoring  force  acting  on  that  cell  will  be  on  the  direction  of  equalizing  both  structural 
states;  locally,  the  free  energy  is  reduced  by  getting  a  more  homogeneous  structure:  cells  in  high  energy  states, 
relax  toward  their  environments’  state  (local  minimum).  Most  of  the  times,  they  get  trapped  by  their 
environments  in  high  energy  states.  Glass  relaxation  toward  a  global  minimum  is  a  hindered  event.  The  fact  that 
the  relaxation  process  depends  on  both  the  structural  state  of  each  cell  and  its  environment,  results  in  the  wide 
relaxation  time  spectrum  observed  in  glassy  materials,  because  physical  properties  vary  from  cell  to  cell. 

By  applying  the  Adam-Gibbs  theory  [9]  to  each  cell,  the  next  expressions  can  be  obtained  [7]; 


T^=^exp 

{  ^  ] 

T.. 

and 

T^^Cexp 

f  ^  1 

7):i— 

z 

ny-^) 

(  } 

j 

where  A,  B,  C  and  D  are  empirical  constants  and  7).  can  be  identified  with  the  Kauzmann  temperature. 
By  making  use  of  (16)  and  (17),  we  solved  Eq.  (15),  numerically. 
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BEHAVIOR  OF  THE  STOCHASTIC  MODEL 


We  studied  the  structural  relaxation  of  a 
system  consisting  of  30X20X20  identical  cubic  cells 
for  different  thermal  histories. 

Suppose  that  the  system  is  initially  in 
equilibrium  at  temperature  Ti-19Q  K  and,  then,  at 
time  t=0,  the  temperature  is  stepped  down  to  7\=770 
K.  We  define  the  normalized  relaxation  function  as 


4.(0= 


r/O-r, 


(19) 


In  Fig,  1  we  plot  /ogjg/  vs.  hg,o(-ln(p).  As  we  can  see, 
for  long  times,  the  relaxation  follows  the  stretched 
exponential  function  (|>=exp[-(t/x)P];  whereas  for 
short  times,  it  is  described  by  an  exponential  decay 

(P=l). 

Fig.  2  illustrates  the  memory  effects.  Squares 
represent  experimental  fictive  temperatures  obtained 
by  DeBolt  in  a  crossover  experiment[10].  Initially,  a 
sample  of  standard  glass  NBS-7I0  was  allowed  to 
reach  equilibrium  at  temperature  Tq  =  830.3  K,  that 
is,  Tj=  830.3  K.  Then,  at  time  =  0,  the  temperature 
was  stepped  down  to  T,  =  704. 0  K.  The  glass  started 
relaxing  toward  a  state  conesponding  to  T;.  At  time 
t2  ^2687  min,  when  ^  ==  797.9  K,  temperature  was 
reset  to  this  same  value  T2  -  797.9  K.  If  the  sample 
were  in  equilibnum,  the  fictive  temperature  would 
remain  fixed  at  this  value.  However,  it  is  shown  that 
the  crossover  effect  shows  up  as  a  well-defined  hump 
for  times  t  >  (2.  The  solid  line  represents  the  fit 
obtained  by  using  the  stochastic  model  for  that  same 
thermal  history.  The  values  for  the  empirical  constants 
are  the  same  as  those  of  Fig.  1.  The  agreement 
between  theory  and  experiment  is  excellent. 

In  addition  to  the  spatially  averaged 
macroscopic  properties  shown  in  Figs.l  and  2,  the 
stochastic  model  also  describes  relaxation  processes 
on  a  microscopic  scale.  Fig.  3  is  a  tw'o-dimensional 
cross-section  (30X20  cells)  of  z’s  from  the  same 
three-dimensional  system,  and  under  the  same  thermal 
history  as  in  the  crossover  experiment,  at  /=2000  min. 
The  fictive  temperature,  z,  is  given  by  the  vertical 
axis.  It  is  easy  to  recognize  domains  of fast  and  slow 
relaxing  cells.  Fast  relaxing  cells  relax  readily  toward 
the  global  equilibrium,  while  slow  relaxing  cells 
appear  frozen  in  high  energy  states. 


Fig  1.  Relaxation  function  for  the  temperature  jump  790  K  —> 
770  K,  by  using  the  stochastic  model  with  A=3. 45X10''’  , 
B=1 1000  ,  C=5.00X10'’'' ,  0=14000,  Tk=540  K. 


time  (min) 


■  experiment  —stochastic  model 

_ 1 

Fig.  2.  Squares  represent  the  experimental  7}  for  a  crossover 
experiment  [10]. Initially,  the  system  is  in  equilibrium  at  T- 
830.3  K;  at  t=0,  temperature  is  stepped  down  to  7’=704  K;  at 
r=2687  min,  temperature  is  raised  to  7’=797.9.  Solid  line 
represent  the  prediction  of  the  stochastic  model,  using  the 
same  values  for  the  empircal  constants  as  in  Fig.  1 . 
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CONCLUSIONS 


The  stochastic  force  plays  a  key  role  in 
shaping  the  relaxation  phenomena  associated  with 
glasses.  The  stochastic  model  presented  in  this  paper 
takes  into  account  the  fluctuations  as  well  as  the 
cooperative  structural  dv-namics  present  in  glass- 
forming  liquids.  By  using  the  stochastic  noise  term 
and  sensible  treatment  of  competmg  forces  (screened 
dynamics),  the  t>pical  glass  relaxation  phenomena 
(e  g.,  nonlineantv',  nonexponential  decay  and  memory 
effects)  emerge  as  a  consequence  of  the  complex 
microscopic  dynamics  of  the  model,  Modeling  results 
reveal  the  nature  of  glass  transition  phenomena  from 
a  dynamic  view  point. 
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ABSTRACT 

Brillouin  light  has  been  used  to  measure  the  complex  mechanical  modulus  of  the  niolecular 
scale  structure  in  oxide  melts.  The  storage  modulus  reflects  the  degree  of  networking  and 
structural  integrity,  while  the  loss  modulus,  which  can  be  attributed  to  aperiodic  motions  of 
structural  components,  provides  a  measure  of  the  mobility  of  these  entities.  From  the  loss 
modulus  it  is  possible  to  derive  the  zero-shear  rate  viscosity,  which  is  characteristic  of  a  structure 
in  thermodynamic  equilibrium,  and  thereby  provide  a  less  encumbered  insight  into  the  molecular 
scale  mechanisms  that  are  underlying  to  the  viscous  momentum  transport. 

In  this  paper  we  compare  the  visco-elastic  behavior  of  alkali  borates  and  alkali  tellurites, 
particularly  in  the  temperature  range  between  T^  and  the  equilibrium  melting  point.  Whde  in 
borates  several  mechanisms  can  be  identified  as  contributing  to  structural  relaxation,  in  tellurites  a 
single  mechanism  dominates.  The  assumption  of  thermo-rheological  simplicity,  however,  is 
invalid,  and  a  new  visco-elastic  model  has  been  developed  for  the  description  of  our  results. 


INTRODUCTION 

The  tendency  to  form  an  amorphous  solid  is  the  result  of  the  impediment  which  keeps  the 
molecular  structure  of  a  substance  from  reaching  a  state  of  lowest  free  energy.  In  oxide  systems 
this  is  attributed  to  strong  bonds  that  can  form  between  building  blocks  with  high  functionality, 
and  which  leads  to  a  relatively  immobile  continuous  random  network.  The  effort  required  by 
structural  components  to  disengage  from  a  local  potential  minimum,  is  conveniently  assessed  by 
means  of  the  temperature  dependence  of  their  transport  properties,  as  expressed  by  diffusivities  or 
viscosity. 

Angell  has  categorized  liquids  in  terms  of  their  glass  forming  ability  into  ‘strong’  and  ‘fragile’ 
ones.  ‘  Accordingly,  the  logarithm  of  the  viscosity  vs.  the  reciprocal  temperature  for  a  strong 
liquid  appears  linear  over  a  wide  temperature  range,  and  can  be  well  described  by  the  Arrhenius 
relationship.  For  a  fragile  liquid,  on  the  other  hand,  this  dependency  is  curved,  with  the  steepest 
slope  near  T  .  Such  curvature  suggests  that  several  activated  processes  are  invoked  during  the 
structural  evolution  between  liquid  and  glass,  and  that  those  processes  which  require  the  highest 
activation  energy  dominate  the  relaxation  near  the  glass  transition. 

Besides  being  of  fundamental  interest  with  regard  to  the  glass  formation  process,  the 
temperature  dependence  of  the  viscosity  near  T^  has  also  important  practical  implications.  For 
example,  a  number  of  novel  inorganic  compounds  have  been  identified  which  exhibit  superior 
performance  in  applications  such  as  optical  fibers  and  amplifiers.  Fragility  in  these  compounds, 
however,  translates  into  large  viscosity  changes  over  a  small  temperature  range,  and  makes  the 
fiber  drawing  process  difficult  to  control.  To  improve  our  understanding  of  the  molecular  level 
processes  involved  in  glass  formation,  we  have  used  the  Brillouin  scattering  method  to  determine 
the  mechanical  properties  of  oxide  melts  on  this  length  scale.  In  the  following  we  present  results 
for  two  types  of  glass  forming  liquids,  alkali  borates  and  tellurites,  one  relatively  strong,  the  other 
one  fragile.  Comparison  of  their  behaviors  under  similar  conditions  allows  us  to  discern  certain 
characteristics  associated  with  each  type  of  liquid. 

EXPERIMENTAL 

Glasses  were  prepared  from  powders  alkali  carbonates  and  either  boric  acid  or  tellurium 
oxide.  The  total  impurity  content  was  less  than  0.2  weight-%.  The  powders  were  intimately 
mixed  and  melted.  The  crucible  material  was  platinum  in  case  of  the  borates  and  silica  glass  in  case 
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of  the  tellurites.  After  about  one  hour  of  homogenization  in  dried  air,  the  melts  were  quenched  and 
crushed.  The  glasses  were  then  remelted  and  the  Brillouin  sample  holders  were  filled  with  material 
by  simply  immersing  these  into  the  molten  glasses.  In  case  of  borates  the  sample  holders  consisted 
of  platinum-rhodium  wire  bent  in  the  form  of  a  double-loop  spiral,  while  in  c^e  of  the  tellurites  an 
open-ended  silica  capillary  was  used.  Suspended  by  surface  forces,  the  liquid  assumed  the  shape 
of  a  slightly  bulged  cylinder  of  about  2.5  mm  height  and  2  mm  diameter. 

Samples  were  mounted  in  a  small  furnace  which  was  heated  by  a  platinum  coil.  T^e  furnace 
has  a  cylindrical  bore  in  the  bottom  and  top  part  of  the  insulation  material,  and  a  conical  orifice 
oriented  horizontally  in  the  side  wall.  The  furnace  housing  was  stainless  steel  and  all  orifices  were 
sealed  by  means  of  fused  silica  windows,  which  allowed  us  to  control  the  gas  atmosphere  during 
the  experiments.  The  light  beam  entered  through  the  bottom  of  the  sample  and  the  scattered  light 
was  collected  laterally.  The  position  of  the  specimen  in  the  beam  was  carefully  adjusted  such  that 
the  light  passed  perpendicular  to  any  curved  surfaces,  and  a  90°  scattering  geometry  was 
preserved. 

The  incident  light  was  produced  by  a  single-mode  Argon  laser  at  a  wavelength  of  0.5145  pm. 
The  line  width  of  the  incident  light  is  approximately  100  MHz.  The  scattered  light  was  analyzed 
using  a  six-pass  tandem  Fabry-Perot  interferometer."^  The  quality  of  mirrors  used  in  the  current 
setup  produces  a  reflectivity  finesse  of  about  150. 

The  collection  of  spectra  occurred,  for  the  most  part,  upon  cooling  of  the  samples.  The 
samples  were  held  at  intervals  of  approximately  20°C  for  a  few  minutes,  to  assure  thermal 
adjustment,  before  spectra  were  measured.  This  adjustment  period  also  allowed  for  relatively 
relaxed  structures  in  the  undercooled  liquids.  Consequently,  the  fictive  temperatures  of  the  glasses 
was  low,  and  comparison  of  measurements  taken  upon  heating  or  cooling  showed  no  significant 
difference.  Since  all  measured  systems  are  strong  scatterers,  the  collection  of  the  spectra  typically 
took  only  2  to  3  minutes.  The  data  was  downloaded  to  a  computer  workstation  for  further 
processing. 

The  shapes  of  the  lines  in  the  Brillouin  spectrum  are  described  by  a  dynamic  structure  factor, 
S{q,0)}  (multiplied  by  a  population  probability  function).  For  fluids,  an  expression  for  the 
dynamic  structure  factor  can  be  derived  using  the  generalized  hydrodynamic  formalism^’^,  which  is 
based  on  the  simultaneous  solution  of  the  equations  of  balance  for  mass,  momentum  and  energy. 
Accordingly,  the  normalized  scattering  intensity  is  given  by  the  expression 


5(q.(tf)^2(r-l)  ^  1  ^  q‘T 

S(q)  7  (0^  +[q^  -Klp^c^f  7  ((B  +  c„gf +  (g^r)^  (o  -  +  (g^r) 


+^[r+,./p„c,(7-i)| 


co  +  c^q 


w-c^q 


{(O  +  c^qf  +  [q^T)  [co--c^q)  -f-(^'r)  J 


(1) 


r  =  i 

— ]-(7-l) 

c\  2 

Po  1 

PO  is  the  average  density,  K  is  the  thermal 

conductivity,  Cy  is  the  heat  capacity  at  constant  volume,  and  Cp  that  at  constant  pressure.  The 
viscosity  coefficient  r]'(o))  is  the  real  part  of  the  Fourier  transform  of  the  time  dependent  viscosity, 
r\(t).  The  ratio  (Kr/poCp)  is  the  thermal  diffusivity. 


To  eliminate  instrumental  broadening  from  the  spectra  these  were  fitted  with  the  result  of  the 
convolution  of  a  Lorentzian  spectral  function  and  a  Gaussian  broadening  function.  Three 
parameters,  the  widths  at  half  maximum,  A(0,  the  intensity  /,  and  the  frequency  shift  with  respect 
to  the  Rayleigh  central  peak,  \0}b-C0r\,  were  optimized  simultaneously  for  every  peak  in  the 
spectrum.  The  width  of  the  Gaussian  broadening  function  was  determined  in  a  separate 
experiment,  where  the  sample  was  replaced  by  a  mirror.  When  appropriately  combined,  this  set  of 
parameters  yields  the  storage-  and  loss  modulus  according  to 
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Q 

and 


M”  ^\coB-co^\r({(o) 


(2) 


(3) 


respectively.  These  are  either  longitudinal-  or  shear  moduli,  depending  on  whether  the  widths 
and  shifts  are  taken  for  the  longitudinal  or  transverse  peaks  of  the  spectra. 


RESULTS  AND  DISCUSSION 


The  basic  building  block  in 
borate  glasses  is  the  BO3  planar 
trigonal  unit.  Individual  units  are 
connected  by  sharing  oxygens,  to 
form  a  continuous  network. 
Although,  based  on  the  geometry 
of  the  basic  unit,  sheet-like 
structures  would  be  possible, 
disorder  in  the  orientation  of  the 
BO3  triangles  results  in  network 
connectivity  in  three  dimensions. 
At  low  temperatures,  however, 
infrared  and  Raman  spectroscopy 
have  shown  that  a  large  fraction  of 
the  borons  are  grouped  into 
boroxol  rings,  a  planar  hexagonal 
structure  composed  of  three  BO3 
units.  With  increasing 

temperature,  the  concentration  of 
boroxol  rings  decreases.  ^ 

When  added  to  BjOj,  alkali 
oxides  dissociate  and  the  oxygen 
introduced  into  the  system  is  to  a 
large  degree  incorporated  into  the 
network  in  form  of  B-O-B  cross¬ 
links.  The  boron  atoms  involved 
find  themselves  in  fourfold 
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coordination  by  oxygen.  This 
formation  of  cross-links  is  held 
responsible  for  the  strengthening 
effect  in  borates  by  alkali  oxides,  a 


F  i  g .  1  Longitudinal  elastic  modulus  as  a  function  of 

temperature  for  sodium  borates  with  various  alkali 
concentrations. 


behavior  which  can  be  seen  in  Fig. 

1 .  Here  the  longitudinal  elastic  (or  storage)  modulus  is  plotted  as  a  function  of  temi^rature  for 
sodium  borates  with  various  alkali  concentrations.  The  room-temperature  value  of  this  modulus 
increases  steadily  with  increasing  alkali  concentration.  While  the  modulus  does  not  vary  much  at 
low  temperatures,  the  glass  transition  is  marked  by  a  discontinuity  in  this  temperature  dependence, 
and  above  Tg  the  modulus  drops  precipitously.  The  rate  of  decrease  is  higher,  the  higher  the  alkali 
concentration  and  the  more  fragile  the  liquid.  This  rate  of  decrease  actually  provides  a  credible 
quantitative  measure  to  the  denotation  of  Agility  in  a  liquid. 
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F  i  g .  2  Longitudinal  elastic  modulus  as  a  function  of 

temperature  for  sodium  tellurites  with  various  alkali 
concentrations. 


As  of  yet,  investigations  of 
tellurite  glasses  have  been  scarce. 
Based  on  infrared  and  Raman 
investigations,  the  following 
model  for  the  structure  of  alkali 
tellurites  has  been  proposed.® 
The  basic  network  building  block 
is  the  Te04  trigonal  bipyramid 
(tbp),  in  which  one  of  the 
equatorial  sites  is  occupied  by  a 
lone  pair  of  electrons,  so  that  the 
angle  between  equatorial  oxygens 
is  much  smaller  than  180“.  A 
continuous  three-dimensional 
network  is  formed,  again,  by 
sharing  oxygens  between  these 
units,  but  now  the  shared  oxygen 
is  equatorial  to  one  unit  and  axial 
to  the  other  one.  The  introduction 
of  oxygen  by  alkali  oxide  causes 
these  tends  to  break,  replacing 
one  bridging  oxygen  with  two 
non-bridging  ones.  The  two  alkali 
cation,  however,  remain  closely 
associated  with  these  network 
defects,  and  provide  a  stabihzing 
influence.  The  tend  between 
tellurium  and  the  axial  oxygen 


opposite  of  the  non-bridging  one,  on  the  other  hand,  becomes  over-extended  and  ruptures  with 
little  effort.  Trigonal  pyramids  (Te03)  and  trigonal  pyramids  with  a  loosely  tended  axial  oxygen 
(Te03„)  form.  At  higher  alkali  concentrations,  isolated  structures  such  as  (Te205)2-  and  (Te03).2“ 


develop. 

Because  of  its  stabilizing  action,  the  addition  of  alkali  oxide  has  litde  effect  on  the  elastic 
modulus  of  these  tellurites.  This  is  apparent  from  the  data  shown  in  Fig.  2,  where  the  longitudinal 
storage  moduli  of  sodium  tellurites  with  different  alkali  concentrations  are  plotted  as  a  function  of 
temperature.  The  glass  transition  is  again  reflected  by  a  change  in  slope  of  this  data.  Over  almost 
the  entire  temperature  range,  the  modulus  decreases  only  slightly  with  increasing  alkali  content. 
The  rate  of  decrease  of  the  modulus  is  also  very  similar  in  the  different  compositions,  except  the 
high-alkali  compositions  exhibit  a  second  discontinuity  in  the  temperature  dependence  of  the 
modulus  at  around  700  K.  This  second  kink  in  the  modulus  data,  which  indicates  that  a  significant 


stmctural  change  occurs  between  the  glass  transition  and  the  equilibrium  melting  temperature, 
inspired  the  development  of  a  modified  Maxwell  model  for  the  description  of  the  modulus  data  m 
tellurites  as  well  as  in  borates.  Although  it  would  not  compromise  the  basic  assumptions  of  this 
model,  at  this  point  we  rule  out  that  the  kink  is  due  to  crystallization,  based  on  TEM  analysis. 

Any  model  for  the  visco-elastic  properties  of  a  liquid  has  to  describe  both,  the  real  and  the 
imaginary  component  of  the  mechanical  modulus.  So,  before  outlining  the  details  of  the  model,  let 
us  examine  the  loss  moduli,  which  are  plotted  as  a  function  of  temperature  in  Figs.  3  and  4,  for 
alkali  borates  and  tellurites  respectively.  Data  for  only  one  composition  in  each  system  is  shown 
for  the  sake  of  clarity.  We  notice  that  the  loss  moduli,  in  both  cases  go  through  a  maximum  as  the 
storage  moduli  decrease  with  increasing  temperature.  At  first  sight  Siis  is  wha.t  one  would  expect 
for  a  linear  visco-elastic  system.  However,  the  position  of  the  maximum  is  displaced  to  a  higher 
temperature  relative  to  the  one  at  which  the  storage  modulus  exhibits  its  steepest  slope. 
Furthermore,  the  difference  between  the  low-  and  high-temperature  elastic  modulus  is  much  larger 
than  twice  the  magnitude  of  the  loss  modulus  maximum.  Hence,  application  of  Maxwell’s  model, 
assuming  the  equivalence  between  time  and  temperature  (thermo-rheological  simplicity)  fails. 
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Fig.  3 

Complex  mechanical  modulus  of 
sodium  borate  as  a  function  of 
temperature.  The  top  portion  of  the 
diagram  shows  the  loss  modulus, 
and  the  lower  portion  the  elastic 
modulus.  The  lowest  line  represents 
the  temperature  dependent  static 
modulus;  the  magnitudes  of  the 
various  relaxational  components  are 
given  by  the  vertical  distances 
between  each  pair  of  consecutive 
lines. 


A  better  fit  of  the  data 
can  however  be  achieved 
when  assuming  that  not 
only  the  relaxational,  but 
also  the  static  modulus  is 
temperature  dependent. 

Since  the  static  reflects  the 
property  of  a  system  at 
rest,  hence  in  thermal  and 
mechanical  equilibrium, 

one  way  to  introduce  a 
temperature  dependence  is 
by  assuming  the  existence 

of  two  stmctural  states,  one  being  ideally  elastic  and  representative  of  a  room-temperature  glass, 
and  the  other  one  being  visco-elastic,  as  is  the  case  for  the  melt.  The  volume  fraction  of  structure 
found  in  the  rigid  state,  (}>(T),  can  be  estimated  using  Boltzman  statistics,  with  knowledge  of  the 
free  energy  difference  between  the  structural  states. 


T(K) 


0(7)=  1  +  e 


-Q{^-TIT,)lk,T' 


(4) 


where  Q  is  an  energy  comparable  to  the  enthalpy  of  fusion,  and  a  critical  temperature 
intermediate  to  the  glass  transition  and  equilibrium  melting  temperatures  of  the  substance. 
Multiplying  0(7)  with  a  constant  corresponding  to  the  static  modulus  at  0  K,  yields  the 
temperature  dependent  static  modulus,  and  the  expression  for  the  modified  Maxwell  model  is 


'0.;' 


,2E^Jk,T 


(5) 


where  to  is  the  fundamental  time  constant  of  the  relaxation  process,  and  Ea  its  activation 
energy.  These  parameters  are  the  same  for  real  and  imaginary  components  of  the  modulus.  The 
summation  in  Eq.  (4)  allows  for  several  independent  processes  (or  a  distribution  therwf)  to  be 
active  simultaneously.  The  solid  lines  in  Figs.  3  and  4  represent  best  fits  of  this  equation  to  the 
experimental  data.  Notice  that  in  case  of  alkali  borates  more  than  one  term  is  necessary  to  describe 
the  data,  whereas  for  the  tellurites  one  term  suffices.  Accordingly,  in  the  visco-elastic  regime, 
strong  liquids  possess  more  structural  complexity  than  fragile  ones. 
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CONCLUSION 


The  Brillouin  light 
scattering  technique  was  used 
to  determine  the  high- 
frequency  complex 

mechanical  modulus  of  glass 
forming  melts.  This  modulus 
describes  the  dynamic 
response  of  molecular  scale 
structures.  The  storage 
modulus  reflects  Ae 
structural  integrity  of  the 
glassy  network,  whereas  the 
loss  modulus  gives  a  measure 
of  the  energy  dissipated  in 
aperiodic  motions  of  small 
structural  components. 

The  temperature 

dependence  of  the  storage 
modulus,  therefore,  provides 
insights  into  the  structural 
developments  between  the 
room-temperature  glass  and 
the  melt.  Accordingly,  the 
glass  transition  can  be 
associated  with  the  onset  of 
structural  degradation,  and 
the  fragility  of  a  liquid  can  be 
assessed  by  the  rate  of 
decrease  of  the  storage 
modulus.  Structural  decay 
involves  thermally  activated 
motion  of  its  constituents.  However,  entities  requiring  the  same  activation  energy  are  not  all 
released  at  the  same  temperature,  but  sequentially  while  maintaining  a  dynamic  equilibrium 
between  the  low-  and  high- temperature  structural  states.  Comparison  between  alkali  borates  and 
tellurites  show  that,  in  the  former,  several  distinct  relaxation  processes  contribute  to  the  structural 
changes,  whereas  in  the  latter  typically  only  one  can  be  detected. 
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ABSTRACT 

We  have  performed  a  study  on  low  frequency  modes  in  several  alkali  silicate  glasses  by 
Raman  spectroscopy.  The  Boson  peak  region  is  analyzed  with  a  single  parameter  co©  which  is 
believed  to  characterize  the  density  of  states  of  the  system.  Analysis  of  the  dependence  of  ©o  on 
the  nature  and  concentration  of  the  alkali  suggests  that  the  position  of  the  Boson  peak  is 
essentially  governed  by  the  ratio  “force  constant”  over  “mass”  of  localized  oscillator  modes.  At 
lower  frequency  (below  30  cm'^),  the  “excess”  intensity  can  be  explained  by  considering  second- 
order  processes  of  the  same  vibrational  modes,  superimposed  on  other  (possibly  relaxational) 
modes. 

INTRODUCTION 

For  more  than  twenty  years,  amorphous  materials  have  been  investigated,  but  there  is  still  no 
complete  understanding  of  the  nature  of  the  low  frequency  modes  that  appear  in  the  Raman 
spectra.  These  modes  are  also  responsible  for  the  peculiar  behavior  of  other  physical  properties, 
such  as  the  heat  capacity  and  the  thermal  conductivity  at  low  temperature  (2  to  20  K).  Several 
models  have  been  suggested  to  explain  the  universal  behavior  of  glassy  materials.  In  the 
continuum  model,  acoustic  modes  are  allowed  to  contribute  to  the  scattering  intensity,  because  of 
the  breaking  of  the  momentum  selection  rule  by  the  spatial  disorder'.  However,  they  become 
strongly  attenuated  at  higher  frequencies,  when  their  wavelength  becomes  comparable  to  the 
length  over  which  the  fluctuations  of  the  dielectric  susceptibility  are  correlated.,  leading  to  a 
decrease  of  the  scattered  intensity.  The  soft  potential  model  is  based  on  localized  oscillators  in 
anharmonic  double  well  potentials^.  The  resulting  density  of  states  then  depends  on  the  depth  and 
distribution  of  these  potentials.  A  fractal  model  has  also  been  suggested,  in  glasses  for  which  the 
dimensionality  is  believed  to  be  lower  than  3^. 

At  low  frequency  (below  ~20  cm"'),  Raman  spectra  of  almost  every  glasses  show  additional 
intensity,  which  doesn’t  scale  with  the  thermal  population  factor.  This  “excess  light  scattering” 
(ELS),  reported  by  Winterling'',  is  usually  believed  to  arise  from  relaxational  modes. 

EXPERIMENTAL 

Stokes  and  Anti-Stokes  spectra  were  recorded  on  glass  samples  with  a  UlOOO  spectrometer  (& 
Jobin-Yvon)  in  a  90°  geometry.  An  argon-ion  laser,  tuned  to  488  nm,  provided  the  incident  beam 
(~195  mW  at  the  sample),  with  polarization  perpendicular  to  the  scattering  plane  (denoted  by 
subscript  V  later  in  this  paper).  In  order  to  get  enough  intensity  at  low  temperature  and  low 
frequency,  only  polarized  spectra  (7^^^)  were  recorded  below  80  K.  Unless  specified,  the  spectral 
slit  width  was  set  at  1.5  cm''  for  all  the  spectra  so  that  the  measurements  could  be  done  down  to 
~3  cm*'  from  the  Rayleigh  line.  The  investigated  temperature  range  lay  between  5  K  and  room 
temperature.  The  temperature  was  measured  with  a  silicon  diode  and  compared  with  that 
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deduced  from  the  Anti-Stokes  to  Stokes  ratio  in  the  Boson  range  (20  to  100  cm''),  which  is 
simply  given  by  exp(-^cD/A:7). 

RESULTS 


In  an  amorphous  material,  the  total  first-order  scattered  intensity  4  can  be  written  as': 


n(cD,r)+j 

/(© ,  r)  Qc  c(o)  )g((D  ) - - -  ( 1 ) 

g(o))  and  c((»)  are  respectively  the  density  of  vibrational  states  and  the  coupling  coefficient 
between  the  incident  light  and  the  modes  of  vibration  in  the  medium.  The  temperature 
dependence  is  solely  determined  by  the  population  factor  of  the  modes  and  the  order  of  the 
process.  The  thermal  factor  for  a  first-order  process  is  «(co,7)+l  for  the  Stokes  side  (creation)  of 
the  spectrum  and  «(o),7)  for  the  anti-Stokes  side  (annihilation),  where  n(o),7)  is  the  Planck’s 
distribution.  It  is  convenient  to  define  a  temperature-independent  quantity,  the  reduced  intensity 
^/((o)  obtained  by  dividing  the  total  intensity  by  the  thermal  factor: 

Vfo).  (2) 

n(so,T)  +  ]  “ 


Fig.  1  shows  a  plot  of  the  reduced  intensity  of  Na20-2Si02  measured  at  different 
temperatures.  Above  ~30  cm'*,  all  the  curves  superimpose,  as  expected  for  a  first-order  process. 
At  lower  frequency,  however,  the  high  temperature  curves  show  additional  intensity,  the  so- 
called  excess  light  scattering  (ELS).  A  natural  way  to  account  for  the  extra  temperature 
dependence  is  to  include  the  contribution  of  second-order  processes.  Because  ELS  occurs  only  at 
high  temperature  and  low  frequency,  these  most  likely  come  from  phonon  differences  (creation 
of  a  phonon  Wi  and  annihilation  of  a  phonon  ©2  <  ©1).  The  total  Stokes  intensity  can  then  be 
written  as  a  sum  of  a  first  order  and  a  second-order  term: 

X  N  /  .n(©,r)+l 

I,  (a, .  r)  =  /„  (o) ,  r)+  (to ,  r) = c{<o  )g((o )  /  -  + 

(3) 

(dj-ca  j=ta 

and  defined  as  a  two-phonon  coupling  coefficient  and  a  two- 

phonon  density  of  states.  At  low  temperature  (7’<  40  K),  the  population  factor  «(©y,7)  is  very 
small,  so  that  the  second  order  contribution  becomes  negligible.  As  mentioned  above,  the  ELS 
occurs  mainly  at  low  frequency  and  high  temperature.  Therefore,  only  modes  for  which 
h(i>/kT<  1  are  involved  and  their  thermal  population  factor  can  be  approximated  by  kT/h(di.  The 
second  order  contribution  Is2i(^>  T)  can  be  rewritten  as: 


4(a),7’)=7’'  E^2(a,.®yX2(“i’“2 


(4) 
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Fig.  1 :  Reduced  intensity  of 
Na20-2Si02  at  different 
temperatures  showing  that  the 
ELS  intensity  does  not  scale  to  a 
first  order  process.  The  solid  line 
is  a  fit  of  the  Boson  peak  using 
Eq.  (5)  in  the  text. 


Fig.  2:  Raman  intensity  versus 
temperature  in  Na20-2Si02.  The 
dashed  lines  are  fits  using  a  first- 
order  process  only,  the  solid  line 
is  a  fit  using  first-order  and 
second-order  processes.  In  the 
Boson  range,  second-order 
processes  are  insignificant 
(50  cm*^  data  points)  while  they 
are  able  to  explain  the  “excess” 
intensity  at  low  frequency  (7  cm  ^ 
data  points). 

Temperature  M 

The  advantage  of  (4)  is  that  the  temperature  dependence  can  be  taken  out  from  the  summation, 
allowing  a  direct  comparison  to  the  experimental  data.  Fig.  2  shows  the  Raman  intensity  versus 
temperature,  at  two  particular  frequencies  in  Na20-2Si02.  The  solid  line  is  a  fit  obtained  by 
substituting  (4)  in  (3),  the  dashed  line  is  the  expected  behavior  for  a  pure  first-order  process.  This 

shows  that  two-phonon  processes  can  indeed  account  for  the  extra  temperature  dependence 
observed  in  the  ELS  region  of  the  spectrum. 

The  Boson  peak 

The  Boson  peak  is  the  part  of  the  spectrum  located  above  the  ELS  region  and  in  which  only 
first-order  processes  are  relevant.  To  date,  many  theoretical  expressions  based  on  the  continuum 
theory  of  Martin  &  Brenig^  have  been  proposed  in  order  to  describe  the  Boson  peak.  Here  we  use 
an  expression  proposed  by  Sokolov^,  and  show  that  it  fits  very  well  the  depolarized  spectrum  of 
v-Si02: 
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Fig.  3:  Depolarized  lyu  and 
polarized  lyy  (scaled  down  by  a 
factor  of  2.5)  spectra  of  silicate  at 
room  temperature.  The  solid  line 
is  a  fit  using  expression  (5), 
which  shows  that  the  fully 
polarized  broad  band  gives  a 
contribution  to  the  intensity  lyy 
down  to  the  Boson  range. 


h(p.T)  = 


(5) 


The  depolarized  spectrum  ly^  and  the  polarized  spectrum  lyy  of  v-Si02  are  plotted  in  fig.  3. 
lyfj  can  be  fitted  very  well  with  expression  (5)  up  to  200  cm’’  while,  for  lyff ,  the  situation  is 
complicated  by  the  presence  of  the  “broad  band”  (fully  polarized  modes)  centered  at  higher 
frequencies  (~450cm'’)  but  extending  into  the  Boson  range.  In  alkali-modified  Si02,  additional 
modes  appear  on  the  high  frequency  side  of  the  Boson  peak  in  the  VH  spectrum  but  the  broad 
band  is  depressed  in  the  W  spectrum.  Consequently,  we  have  focused  our  analysis  on  the  latter 
spectrum. 

Fig.  4  shows  the  reduced  intensity  ^/(co)  for  some  of  the  alkali-silicates.  Below  ~30  cm’’, 


Fig.  4:  Reduced  intensity  for 
some  of  alkali  silicates.  Pure 
silicate  and  sodium-silicate 
spectra  were  recorded  at  5  K. 
The  cesium-silicate  spectrum 
was  recorded  at  room 
temperature. 
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deviations  occur  due  to  the  ELS,  and  for  co  >  80  cm'',  the  broad  band  or  other  alkali  modes  add 
to  the  Boson  peak  intensity  on  the  polarized  spectrum.  Table  1  summarizes  the  value  of  coq  for  all 
the  investigated  alkali  oxides.  In  xNa20-(l-x)Si02,  ©o  increases  slightly  with  the  concentration  x 
of  sodium  oxide.  The  opposite  trend  is  observed,  when  adding  CS2O  instead  of  Na20. 

With  regards  to  the  origin  of  the  Boson  peak,  the  central  question  of  the  present  paper  is 
whether  ©q  is  related  to  the  network  connectivity  or  to  the  force  constant  and  mass  of  localized 
oscillators.  In  the  case  of  sodium  silicate,  it  is  well  established  that  the  sodium  ions  occupies  an 
interstitial  site  in  the  network  and  that  each  ions  breaks  one  Si-O-Si  bond  ,  giving  rise  to  the 
formation  of  a  non-bridging  oxygen.  As  the  concentration  of  sodium  increases,  the  network 
connectivity  decreases,  the  glass  becomes  more  fragile  and  the  Boson  peak  as  well  as  ©0  should 
move  to  lower  frequencies.  Instead,  ©0  increases  with  x.  This  result  by  itself  suggests  that  the 
connectivity  is  not  the  dominant  factor  in  determining  ©0  or  the  position  of  the  Boson  peak  and 
that  the  latter  is  not  likely  due  to  acoustic  modes  in  a  disordered  network  (see  continuum  model 
above).  This  interpretation  appears  to  be  confirmed  by  the  results  obtained  on  Cs-modified  Si02. 
Because  it  has  the  same  valence  as  sodium,  each  cesium  ion  is  also  expected  to  give  rise  to  the 
formation  of  one  non-bridging  oxygen  and,  therefore,  to  have  the  same  effect  as  sodiiun  on  the 
connectivity  of  the  glass.  Yet  ©0  is  found  to  be  approximately  one  half  what  it  is  in  sodium 
silicate  and  to  further  decrease  with  indreasing  Cs  concentration.  The  connectivity  cannot  be  the 
common  cause  of  these  very  different  results.  It  is  more  likely  that  the  Boson  peak  is  due  to 
localized  oscillators,  ©q  being  determined  primarily  by  their  force  constant  and  their  mass.  In 
further  support  of  this  interpretation,  it  is  interesting  to  note  that  the  mass  of  cesium  is  6  times 
that  of  soium  which  should  lead  to  a  natural  frequency  of  the  Cs-containing  oscillator  2.4  times 
lower  than  that  of  the  corresponding  Na-containing  one,  in  reasonable  agreement  with  the  ratio  of 
the  ©0  values  found  experimentally. 

Comparing  expression  (2)  and  (5),  one  may  ftirther  ask  whether  ©0  is  a  feature  of  the  coupling 
coefficient  c(©)  or  of  the  density  of  states  g(©).  A  Raman  experiment  alone  cannot  help  answer 
this  question.  Nevertheless,  by  comparing  neutron  data  with  Raman  data  on  pure  Si02,  c(©)  has 
been  shown  to  vary  linearly  with  frequency  in  the  Boson  range*.  This  would  indicate  that  ©0  is  a 
feature  of  the  density  of  states  of  the  system. 

The  Excess  Light  Scattering 

As  mentioned  previously,  the  excess  light  scattering  could  arise  from  a  second-order 
difference  process,  which  adds  to  the  first-order  one.  At  very  low  temperature,  the  population 
factor  «(©,7)  is  almost  zero  and  the  second-order  contribution  is  negligible.  The  5  K  curves 
therefore  are  close  to  the  sole  first-order  process.  In  Si02,  the  low  temperature  curves  tend  to  the 


Table  I:  value  of  ©0  [cm'']  for  pure  silica  and  for  several 
concentrations  x  of  sodium-silicate  and  cesium-silicate. 


jcNa20-(l-x)Si02 

xCs20-(l-x)Si02 

x  =  0.25 

27.6 

28.8 

X  =  0.30 

16 

x  =  0.33 

30.3 

x  =  0.40 

13.7 
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theoretical  line  given  by  expression  (5),  which  seems  to  be  valid  down  to  the  lower  achievable 
frequencies.  On  the  other  hand,  the  alkali-modified  samples  still  show  a  marked  deviation  from 
the  theoretical  line  even  at  the  lowest  temperature,  suggesting  the  existence  of  additional  modes, 
possibly  relaxational. 

CONCLUSION 

This  study  on  alkali-silicate  samples  shows  that  the  “excess”  light  scattering  in  amorphous 
materials  can  be  understood  as  a  combination  of  first-  and  second-order  processes.  The  modes 
involved  in  the  second-order  scattering  are  those  corresponding  to  (co,  -  ©y  )<  30  cm*'  with 
h(x>/kT<  1.  The  only  highly  populated  modes  satisfying  these  criteria  are  those  giving  rise  to  the 
Boson  peak.  We  may  therefore  conclude  that  the  ELS  and  the  Boson  peak  are  essentially  related, 
the  former  being  a  second-order  manifestation  of  the  latter.  The  Boson  peak  has  been 
characterized  by  a  single  parameter,  ©o  >  which  is  believed  to  be  a  feature  of  the  density  of  states 
of  the  medium.  Based  on  the  dependence  of  ©q  on  the  nature  and  concentration  of  the  alkali,  we 
conclude  that  the  network  connectivity  has  little  effect  on  the  position  of  the  Boson  peak  which, 
thence,  is  more  likely  due  to  localized  oscillators. 
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ABSTRACT 

A  novel  experimental  approach  involving  the  fluorescence  nonradiative  energy  transfer 
technique  is  employed  to  study  transport  processes  in  thin  polymer  films  near  the  glass  transition 
through  the  measurement  of  energy  transfer  efficiency,  E.  Using  a  layered  thin  film  sample 
geometry,  values  of  the  small  molecule  diffusion  coefficient,  0,  as  low  as  8  x  10-16  cm2/sec  are 
measured  within  diffusion  times  of  3.5  hours.  These  studies  reveal  a  significant  dependence  of 
both  the  magnitude  and  temperature  dependence  of  0on  diffusant  size. 

INTRODUCTION 

There  has  been  significant  study  recently  concerning  the  diffusion  of  small  molecules  in 
polymeric  matrices.  In  these  studies  a  small  molecule  is  considered  to  be  the  size  of  or  larger  than 
a  benzene  ring,  but  not  polymeric.  Technologically,  there  is  interest  in  understanding  diffusion- 
controlled  phenomena  such  as  those  found  in  controlled  drug  release  and  thermal  printing 
applications.  Additionally  of  great  scientific  interest  is  the  understanding  of  how  the  motion  of 
small  molecules  may  be  coupled  to  or  decoupled  from  various  relaxation  processes  in  polymers, 
such  as  the  a-relaxation  process  associated  with  cooperative  segmental  motions  occurring  near  the 
glass  transition  temperature,  Tg,  Numerous  techniques  have  been  used  to  measure  small  molecule 
diffusion  coefficients  on  the  order  of  10- cm^/sec  and  higher;  however,  only  one  technique, 
forced  Rayleigh  scattering  (FRS)  [1-3],  has  been  reported  to  be  able  to  measure  significantly 
lower  diffusion  coefficients,  such  as  those  encountered  near  Tg  in  amorphous  polymers. 

Here  we  present  a  new  approach  which  allows  measurement  of  small  molecule  diffusion 
coefficients  of  magnitude  comparable  to  those  measured  by  FRS.  This  technique  involves 
fluorescence  nonradiative  energy  transfer  (NRET),  a  process  that  occurs  when  an  excited  donor 
chromophore  transfers  its  energy  to  an  acceptor  via  coulombic  dipole-dipole  interactions  over 
distances  of  a  few  nm.  The  approach  employs  a  "sandwich"  of  two  thin  polymer  films,  one 
lightly  labeled  with  either  NRET  donor  or  acceptor  chromophores,  and  the  other  doped  at  low 
levels  with  the  complementary  chromophore.  Since  sufficient  fluorescence  intensity  can  be 
obtained  from  extremely  thin  polymer  films,  diffusion  coefficients  as  low  as  lO'l^  cm^/sec  can  be 
obtained  in  reasonable  experimental  times. 

EXPERIMENTAL 

Pyrene  (Aldrich)  was  used  as  the  NRET  donor,  [N-(2-hydroxyethyl)-N-ethyl]-4- 
(tricyano vinyl)  aniline  (TCI,  synthesized  in  this  laboratory  following  the  procedure  outlined  by 
McKusick,  et  al.  [4])  and  decacyclene  (Aldrich)  were  used  as  acceptors,  and  the  matrix  polymer 
was  poly(isobutyl  methacrylate)  (PiBMA).  Polymers  were  prepared  by  copolymerization  of 
either  pyrene-labeled  monomer  or  TCl-labeled  monomer  with  iBMA,  as  described  previously  [5], 
to  produce  chromophore-labeled  polymer,  or  by  homopolymerization  of  only  iBMA  under  the 
same  conditions.  Onset  Tg's  of  the  pure  PiBMA,  doped  PiBMA,  and  labeled  PiBMA  were 
measured  using  a  Perkin-Elmer  DSC-7  at  a  heating  rate  of  lOT/min,  with  all  samples  yielding 
Tg's  of  64“C.  Typical  chromophore  concentrations  were  0.25  mole%  acceptor  per  iBMA  unit, 
and  0.12  mole%  donor.  Forster  radii  (Rq,  the  donor-acceptor  separation  distance  at  which  there 
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is  a  50%  probability  of  energy  transfer  to  acceptor  [6])  of  3.0  nm  for  the  pyrene/TCl 
donor/acceptor  pair  and  2,5  nm  for  pyrene/decacyclene  were  determined.  [7] 

Films  were  spun  cast  onto  quartz  slides  from  chloroform  solution  and  allowed  to  dry 
overnight  at  room  temperature.  Film  thicknesses,  ranging  from  0.38  to  3.0  pm,  were 
characterized  using  a  Tencor  PIO  Profilometer.  Layered  samples  were  prepared  by  floating  the 
chromophore-labeled  polymer  film  off  the  slide  onto  the  surface  of  a  distilled  water  bath  and 
placing  this  film  on  top  of  a  slide  coated  with  chromophore-doped  polymer.  Excess  water  was 
removed,  and  the  polymer  sandwich  was  allowed  to  dry  for  at  least  24  hr  at  room  temperature, 
and  was  then  placed  in  a  vacuum  oven  at  room  temperature  for  several  hours  to  promote  contact 
between  layers.  Further  experimental  details  can  be  found  in  reference  [8]. 

RESULTS  AND  DISCUSSION 


In  this  study,  NRET  has  been  utilized  via  a  simple  geometry  involving  a  “sandwich”  of 
two  thin  polymer  films.  A  film  of  polymer  which  is  chemically  labeled  with  one  type  of 
chromophore  is  layered  on  top  of  a  polymer  film  doped  with  the  complementary  chromophore. 
Initially,  the  chromophores  lie  on  opposite  sides  of  the  interface  and  little  donor-acceptor 
interaction  occurs.  Because  polymeric  self-diffusion  coefficients  are  many  orders  of  magnitude 
lower  than  small  molecule  diffusion  coefficients  [1,9],  the  polymer  matrix  is  considered  to  be 
stationary,  while  the  dopant  chromophores  diffuse  through  it  according  to  Fick’s  law.  Upon 
heating  to  a  temperature  near  Tg,  the  free  dopant  chromophores  diffuse  into  the  chromophore- 
labeled  polymer,  the  number  of  donor  and  acceptor  chromophores  in  close  proximity  increases, 
and  the  probability  for  NRET  increases.  Experimentally,  the  sample  is  illuminated  by  light  of  a 
wavelength  preferentially  absorbed  by  the  donor,  and  decreases  in  the  steady-state  donor 
fluorescence  intensity.  Id,  are  observed  as  a  function  of  annealing  time.  Assuming  that  both 
donor-to-donor  energy  transfer  and  energy  transfer  across  the  interface  before  diffusion  are 
negligible,  these  decreases  in  intensity  can  be  related  to  the  efficiency  of  energy  transfer,  E(t):  [10] 


E(t)  = 


lD(0)-lD(t) 
Id(0)  -  Id(°°) 


(1) 


where  t  refers  to  annealing  time,  w  is  the  thickness  of  the  donor  film,  0  is  the  tracer  diffusion 
coefficient  of  the  dopant  chromophore,  and  Id(«>)  is  the  donor  intensity  of  a  fully  diffused 
sample.  For  diffusion  times,  t  <  w2/(160),  K  is  a  function  of  only  the  initial  acceptor 
concentration,  and  E(t)  ~  t^^^^  In  these  studies,  K=1.13  for  donor  diffusion  measurements  and 
K=1.4  for  acceptor  diffusion.  0  at  a  particular  temperature  can  be  easily  determined  by 
monitoring  donor  fluorescence  as  a  function  of  anneahng  time. 

An  example  of  how  the  pyrene  steady-state  fluorescence  intensity  of  a  thin-film 
“sandwich**  sample  may  vary  upon  annealing  is  presented  in  Fig.  1.  In  situ  measurements  are 
shown  for  a  sandwich  consisting  of  a  TCI -labeled  PiBMA  film  layered  on  top  of  a  pyrene-doped 
PiBMA  film  and  annealed  at  70°C,  only  a  few  degrees  above  the  polymer  Tg.  Given  the  relatively 
high  quantum  yield  of  pyrene  [11],  well-structured  fluorescence  spectra  are  obtained  even  at  a  low 
doping  concentration  of  0.12  mole%  pyrene  in  the  thin  PiBMA  films.  The  fractional  decrease  in 
intensity  is  uniform  across  the  spectrum,  resulting  in  a  loss  of  signal  of  almost  15%  after  2  hr  of 
annealing.  From  these  decreases  in  fluorescence  intensity,  values  of  the  energy  transfer 
efficiency,  E(t),  for  pyrene  diffusion  in  PiBMA  at  several  temperatures  have  been  calculated  using 
Eq.  (1)  and  are  plotted  as  a  function  of  (K/w)Vt  in  Fig.  2.  The  linearity  of  each  plot  is  consistent 
with  Eq.  (1),  with  the  slope  and  thereby  0  increasing  dramatically  with  temperature.  Similar 
plots  were  obtained  in  determining  diffusion  coefficients  for  decacyclene  in  PiBMA. 
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Wavelength  (nm) 


Figure  1.  Measurement  of  pyrene  diffusion  in  PiBMA  using  layered  pyrene-doped 
PiBMA/TCl -labeled  PiBMA  samples.  Steady-state  fluorescence  spectra  of  pyrene  at  70”C  at 
annealing  times  of  3  min.  (solid)  and  120  min.  (dashed).  336  nm,  K=  1.13,  w  =  1.6  pm. 


Figure  2.  Measurement  of  pyrene  diffusion  in  PiBMA  using  layered  pyrene-doped 
PiBMA/TCl -labeled  PiBMA  samples.  Energy  transfer  efficiency  calculated  from  (1)  at  (O) 
bST,  (0)  70°C,  and  (A)  STC.  Xex=  336  nm,  K=  1.13,  w  ranges  from  1.3  to  2.0  pm. 
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Fig.  3  illustrates  values  of  <D  for  pyrene  and  decacyclene  at  several  temperatures  in 
PiBMA.  A  <D  value  of  8  x  10*^®  cm^/sec  has  been  determined  within  a  diffusion  lime  of  3.5  hr, 
employing  films  0.51  pm  thick.  Evident  is  the  significant  difference  in  magnitude  between 
diffusion  coefficients  for  the  two  chromophores,  with  significantly  higher  0  values  observed  for 
the  smaller  molecule,  pyrene.  In  addition,  the  temperature  dependence  appears  to  increase  with 
increasing  chromophore  size.  Also  shown  are  results  for  the  diffusion  of  TTI  in  poly(ethyl 
methacrylate)  (PEMA)  from  [1].  (Although  this  work  was  done  in  PiBMA,  the  comparison  is 
made  to  literature  values  using  a  PEMA  matrix  because  no  previous  studies  of  translational 
diffusion  have  been  done  using  PiBMA.  In  any  case,  the  a-relaxation  processes  in  PEMA  and 
PiBMA  have  been  demonstrated  to  follow  a  similar  temperature  dependence,  as  demon.strated 
using  second  harmonic  generation  (SHG).  [12,13]) 


Figure  3.  Temperatuie  dependence  of  the  translational  diffusion  coefficients  of  (O)  pyrene  and 
(A)  decacyclene  in  PiBMA,  =  64°C,  from  this  study,  compared  to  that  of  (★)  TTI  in  PEMA, 
Tg  =  69‘'C,  as  determined  by  iMlich  and  Sillescu  [1]. 


The  results  shown  in  Fig.  3  can  be  examined  using  a  modification  of  the  Willi ams-Landel- 
Ferry  (WLF)  relation  [14],  which  Ehlich  and  Sillescu  [1]  used  to  describe  the  temperature 
dependence  of  small  molecule  motions  above  Tg: 


0(T) 

®(Tg) 


(T-Tg) 

(C2g+T-Tg) 


(2) 


where  Cig  and  C2g  are  the  familiar  WLF  parameters,  and  ^  is  a  coupling  parameter  for  which 
0  <  5  <  1.  Ehlich  and  Sillescu  [1]  interpreted  ^  =  1  as  corresponding  to  the  limit  of  maximum 
coupling  to  the  polymer  a-relaxation,  and  ^  =  0  as  corresponding  to  no  coupling,  or  no 
temperature  dependence.  The  diffusion  data  for  pyrene  and  decacyclene  in  PiBMA  (from  this 
study)  and  for  TTI  in  PEMA  (from  [1],  determined  using  FRS)  were  fit  to  Eq.  (2),  and  the  results 
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are  listed  in  Table  I.  The  size  of  each  molecule,  calculated  as  the  molar  volume  at  absolute  zero 
using  the  Sugden  group  contribution  method  [15]  is  also  given.  For  each  WLF  fit,  Cig  and  Cig 
were  held  constant,  while  the  values  of  ^  and  0  (Tg)  were  varied.  Two  sets  of  parameters  were 
used:  Cig  =  13  and  C2g  =  58K,  as  determined  from  dielectric  and  SHG  studies  in  PiBMA  [13], 
and  Cig  =  15  and  C2g  =  90K,  from  dynamic  mechanical  analysis  of  PEMA  [1].  As  Ehlich  and 
Sillescu  performed  measurements  over  a  much  larger  temperature  range  than  was  used  here,  their 
results  were  truncated  to  a  23°C  temperature  range  near  Tg.  A  small  difference  is  observed 
between  ^  values  determined  using  the  two  sets  of  WLF  parameters;  however,  both  sets  of 
parameters  give  very  good  fits,  with  correlation  coefficients,  >  0.996,  demonstrating  that 
either  set  of  parameters  results  in  a  reasonable  representation  of  the  data.  Because  the  temperature 
range  of  15°C  used  here  is  fairly  narrow,  data  that  would  follow  a  WLF-type  relation  over  a  wider 
temperature  range  could  be  fit  very  well  to  a  simple  Arrhenius  relationship.  From  these  activation 
energies,  Ea,  effective  apparent  coupling  parameters,  Ea/(Ea)a,  were  calculated  and  are  listed  in 
Table  I.  (Ea)a  is  considered  to  be  the  effective  activation  energy  of  the  a-relaxation  and  is 
calculated  at  Tg+8K,  the  middle  of  the  temperature  range,  from  the  WLF  parameters;  [14] 


(Ea)a(T) 


2.303RC,jC2gT^ 

(C2g  +  T-Tgf 


(3) 


in  which  R  is  the  gas  constant.  For  both  sets  of  WLF  parameters  and  for  all  three  probes,  each 
value  of  the  ratio  Ea/(Ea)a  calculated  in  this  manner  is  in  excellent  agreement  with  the  values  of  its 
corresponding  coupling  parameter  as  determined  from  the  constrained  WLF  fits. 


Table  I.  Analysis  of  Small  Molecule  Diffusion  in  PiBMA,  Tg=64”C,  and  PEMA,  Tg=69'’C. 


Size 

Ea 

Cig-13,  C2g- 

:58Kh 

Cig=I5,C2g= 

=90Kc 

Probe 

cm^/mol 

kJ/mol 

\Og((D(Ta)) 

M(Ea)a 

X 

Ea/(Ea) 

pyrene 

151 

147 

0.38 

-n.i 

0.40 

0.45 

-12.7 

0.43 

decacyclene 

314 

276 

0.77 

-15.9 

0,79 

0.88 

-15.9 

0.81 

Tnd 

185 

— 

- 

- 

0.8ie 

-14.2^ 

- 

TTif 

185 

248 

0.64 

-14.4 

0.67 

0.75 

-14.4 

0.73 

^Molar  volumes  at  0  K  calculated  using  the  Sugden  group  contribution  method  [15].  ^WLF  parameters  for 
PiBMA  from  [13].  (Ea)a=37o  kJ/mole,  from  eq  (3)  at  Tg+8K.  ^WLF  parameters  for  PEMA  from  [1]. 
(Ea)a=34o  kJ/mole,  from  (3)  at  Tg+8K.  ^Fit  to  data  over  the  temperature  range  Tg-TC  <T  <  Tg+89'C. 
^Fit  to  data  over  the  range  Tg-TC  <  T  <  Tg+22“C.  ^Value  from  [1]. 


It  may  be  concluded  from  Table  I  that  increasing  the  chroraophore  size  results  in  greater 
apparent  fractional  coupling  of  translational  motion  to  polymer  a-relaxation  dynamics.  Pyrene, 
the  smallest  molecule  studied  here,  with  a  molar  volume  of  151  cm^/mole,  exhibits  values  of  ^ 
and  Ea/(Ea)(x  between  0.40  and  0.45,  with  0(Tg)  =  2.0  x  lO'^^  cm^/sec.  TTI  is  intermediate  in 
size,  185  cm^/mole,  and  exhibits  ^  and  Ea/(Ea)a  values  of  approximately  0.7  and  0(Tg)  =  4.0  x 
10-15  cm2/sec.  Decacyclene  is  by  far  the  largest  probe  studied  here,  3 14  cm3/mole,  and  exhibits  ^ 
and  Ea/(Ea)a  values  between  0.8  and  0.9  and  0(Tg)  =  1.3  x  lO'l^  cm^/sec.  However,  the 
obvious  conclusion  that  increased  chromophore  size  results  in  greater  coupling  may  be  too 
simple.  Another  possibility  is  that  the  translational  motions  measured  here  may  still  be  completely 
coupled  to  the  a-relaxation  even  though  the  temperature  dependence  is  not  as  strong.  The 
distribution  of  a-relaxation  times  near  Tg  can  be  very  broad,  i.e.,  many  orders  of  magnitude 
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[14,16].  As  a  result,  average  a-relaxation  times  reflect  long-time  relaxation  behavior,  and  short- 
time  relaxations  affect  the  average  times  by  only  a  small  fraction  of  a  percent.  In  contrast,  the 
translational  diffusion  coefficients  measured  here  are  dominated  by  the  largest  values  of  0,  which 
correspond  to  the  shortest  relaxation  times.  Those  regions  with  shorter  relaxation  times  require 
the  cooperative  segmental  mobility  of  fewer  polymer  chain  segments  than  do  regions  which  are 
characterized  by  longer  relaxation  times,  likely  resulting  in  a  smaller  dependence  on  temperature. 
Studies  are  underway  to  test  these  hypotheses,  as  well  as  the  possibility  that  molecules  such  as 
pyrene  may  have  translational  modes  of  motion  not  requiring  cooperative  segmental  mobility. 

CONCLUSIONS 

A  novel  fluorescence  NRET  technique  has  been  used  to  measure  extremely  low  diffusion 
coefficients  of  small  molecules  in  polymers  near  Tg,  as  low  as  8  x  lO'^^  cm^^/sec,  within  several 
hours,  employing  simple  donor  fluorescence  intensity  measurements.  Energy  transfer  etficiency, 
E(t),  was  shown  to  increase  proportionally  with  the  square  root  of  annealing  time,  as  predicted  by 
the  quantitative  formalism  developed  by  Dhinojwala  and  Torkelson  [10],  resulting  in  the 
straightforward  determination  of  diffusion  coefficients.  As  hundreds  of  NRET  donor/acceptor 
pairs  exist,  this  NRET  approach  will  allow  for  the  study  of  how  size,  shape,  and  flexibility  of  a 
small  molecule  affect  its  translational  motion  in  a  polymer  matrix,  especially  its  apparent  coupling 
to  polymer  dynamics.  Current  research  involves  study  of  the  diffusion  of  highly  nonplanar 
molecules,  comparisons  of  rotational  reorientation  and  translational  dynamics  of  small  molecules, 
and  the  effects  of  different  polymer  types.  Small  molecule  diffusion  in  glassy  polymers  that  are 
quenched  from  the  rubbery  state  immediately  prior  to  analysis  is  also  being  examined. 
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DYNAMICS  OF  STRUCTURAL  RECOVERY  AND  MECHANICAL  RESPONSE  OF 
POLYMERIC  LIQUIDS  NEAR  TO  THE  GLASS  TRANSITION 
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National  Institute  of  Standards  and  Technology,  Gaithersburg,  MD  20899 

ABSTRACT 

Results  from  the  NIST  torsional  dilatometer  have  indicated  that  after  a  temperature  step  from 
equilibrium,  the  volume  (structure)  and  mechanical  response  (physical  aging)  can  evolve  at  different 
rates,  depending  on  the  temperature  history.  The  torsional  dilatometer  results  have  been  modeled  in 
two  ways.  First,  it  was  assumed  that  the  volume  and  mechanical  response  are  governed  by  different 
clocks,  with  the  principle  of  time-aging  time  superposition  employed  to  evaluate  an  aging  time  shift 
factor  a^  from  the  torsional  response,  which  was  then  compared  to  a  structural  shift  factor  a^ 
calculated  from  the  evolution  of  the  volume.  These  results  were  also  investigated  using  a 
thermoviscoelastic  model  based  on  rational  thermodynamics  and  configurational  entropy;  this  model 
does  not  include  an  explicit  assumption  of  separate  time  scales,  but  different  time  scales  for  the 
structure  and  mechanical  properties  appear  to  arise  naturally  from  the  formulation.  The  results  from 
the  thermoviscoelastic  model  show  good  qualitative  agreement  with  the  torsional  dilatometer  results, 
although  more  material  data  is  needed  to  make  an  exact  comparison. 

INTRODUCTION 

Upon  cooling  a  polymer  melt  through  the  glass  transition  Tg  range  the  thermodynamic  state 
(structure)  of  the  newly  formed  glass  evolves  spontaneously  towards  a  temporally  distant  equilibrium. 
Associated  with  the  changes  in  glassy  structure  are  changes  in  the  mechanical  response  of  the  polymer 
that  have  come  to  be  referred  to  as  ’physical  aging’ .  The  changes  in  the  viscoelastic  response  during 
physical  aging  were  extensively  explored  by  Struik  (1978)  and  he  found  that,  to  first  order,  the 
behavior  could  be  described  using  a  time-aging  time  equivalence  similar  to  time-temperature 
superposition  used  successfully  in  the  description  of  the  temperature  dependence  of  the  viscoelastic 
response  of  polymer  melts  (Ferry,  1980).  Therefore,  the  viscoelastic  response  of  the  polymer 
depends  on  the  time  after  the  change  in  temperature  was  applied  (the  aging  time  tj  and  is  related  to 
some  arbitrary  reference  state  by  a  shift  of  the  characteristic  relaxation  times  denoted  by  the  a^  shift 
factor.  Struik  (1978)  also  showed  that  the  progression  of  a^  as  t,  increases  is  independent  of  the 
mode  of  deformation,  i.e.,  extension,  compression  and  shear  experiments  give  the  same  values  of  a^e. 

Another  aspect  of  the  physical  aging  process  is  the  kinetics  of  the  structural  recovery  itself. 
One  representation  of  the  structural  recovery  is  in  terms  of  the  departure  of  the  structure  from 
equilibrium  6(t),  which  exhibits  a  non-exponential  response.  The  second  aspect  of  the  representation 
is  that  the  characteristic  relaxation  time  depends  upon  both  structure  6  and  temperature  T  and  can  be 
related  to  the  structure  shift  factor  a^. 

In  the  literature  on  physical  aging  a  point  that  is  seldom  addressed  is  the  relative  values  of  a^ 
and  a^.  However,  there  have  been  observations  that  volume  and  enthalpy  recovery  proceed  at 
different  rates  (Scherer,  1986).  Furthermore,  Moynihan  (1976),  Roe  and  Millman  (1983),  Scherer 
(1986),  Santore  et  al.  (1991),  Schultheisz  et  al.  (1995)  have  reported  that  the  time  required  for 
different  properties  to  reach  equilibrium  are  different.  Another  approach  is  to  use  the  ’Rational 
Thermodynamics’  framework  in  its  Coleman  and  Noll  (1961)  formulation  and  as  further  developed  by 
Shay  and  Caruthers  (1988,  1989)  which  results  in  a  ’natural’  separation  of  time-scales  for  different 
processes.  In  the  following  we  will  review  the  experimental  findings  of  McKenna  et  al.  (1995)  and 
Schultheisz,  et  al.  (1995)  in  which  different  time  scales  are  found  for  volume  recovery  and 
mechanical  responses  in  the  same  experiments.  We  then  review  the  essentials  of  the  Tool- 
Narayanaswamy-Moynihan  Kovacs-Aklonis-Hutchinson-Ramos  (Narayanaswamy,  1971;  Tool,  1946; 
Moynihan  et  al.  1976;  and  Kovacs  et  al.  1979)  TNMKAHR  equations  used  to  analyze  the  data.  This 
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is  followed  by  a  description  of  the  thermoviscoelastic  model  of  Shay  and  Caruthers  (1988,  1989), 
showing  also  that  they  contain  the  ’essential’  ingredients  described  above  for  the  structural  recovery. 
Finally  we  compare  tiie  model  calculations  with  the  experimental  results  and  discuss  their 
significance. 

EXPERIMENTAL 

Experiments  were  performed  with  the  NIST  torsional  dilatometer  (Duran  and  McKenna, 

1990)  which  allows  simultaneous  real-time  measurements  of  temperature,  volume  change,  torque  and 
normal  force  in  cylindrical  samples  subjected  to  arbitrary  torsional  deformation  histories  subsequent  to 
rapid  temperature  changes  (T-jump  histories).  The  single  sample  used  for  all  experiments  had  a  length 
1  of  115  mm  and  a  diameter  d  of  15,3  mm.  The  material  was  a  model  epoxy  (DGEBA/polypropylene 
oxide)  that  is  fully  described  elsewhere  (Lee  and  McKenna,  1990).  The  glass  transition  temperature  of 
the  epoxy  is  42.4  “C  as  measured  by  differential  scanning  calorimetry  at  20  “C/min,  Details  of  the 
experimental  procedure  and  thermal  control  can  be  found  in  McKenna  et  al.,  1995.  The  origin  of  the 
aging  time  L  is  taken  at  450  s  after  the  Jump  to  correct  for  the  time  required  for  the  dilatometer  to 
achieve  the  final  temperature  (Duran  and  McKenna,  1990).  Sequential  torsional  strains  were  applied 
following  Struik’s  (1978)  protocol.  A  constant  angle  of  twist  (<^)  was  first  applied  at  one  end  of  the 
specimen  for  a  time  t,  and  then  removed  for  lOt,;  each  successive  twist  application  was  for  twice  as 
long  as  the  previous  twist,  and  the  post-twist  relaxation  time  was  always  ten  times  as  long  as  the  twist 
itself.  The  torsional  strain  reported  here  has  a  maximum  strain  7  given  by  (0  d)/(  2  1)  and 
experiments  were  performed  at  values  of  7  =  0.03  and  0.05. 

RESULTS 

In  order  to  address  the  potentially  different  volume  and  mechanical  timescales,  the  torsional 
relaxation  modulus  was  determined  at  various  aging  times.  Using  the  principle  of  time-aging  time 
superposition,  each  response  was  first  fit  to  the  KWW  function  then  horizontally  shifted  along  the  log 
time  axis  to  form  a  single  master  curve.  A  plot  of  log  a^  versus  5=(V-Voo)/V*  revealed  three 
different  types  of  behavior:  (i)  the  dependence  is  linear  with  no  further  aging  behavior  observed  at 
small  5  values,  (ii)  the  dependence  is  linear  with  further  aging  observed  at  small  6  values  near  zero, 
(iii)  the  dependence  is  curved  or  bilinear  with  the  log  a^  values  becoming  relatively  constant  before  5 
becomes  zero. 

TNMKAHR  Model 

McKenna  and  coworkers  (1994,  1995)  originally  attributed  their  findings  to  the  existence  of 
two  different  clocks,  a  mechanical  and  a  volume  clock,  that  "tick"  at  different  rates,  each  depending 
upon  the  time  after  the  applied  temperature  jump.  This  suggestion  contradicts  the  original  hypothesis 
by  Struik  (1978)  that  the  volume  clock  and  the  mechanical  deformation  clock  run  at  the  same  rate.  In 
order  to  test  the  hypothesis,  Schultheisz  et  al.  (1995)  used  the  TNMKAHR  model  to  directly 
determine  the  change  in  the  reduced  time  t*  using  the  following  relations  valid  for  a  single  step 

6(r)=-Aa  (rKTi-r,)  (i) 


0  {a^,a^) 


(2) 


where  Aa  is  the  rubbery  minus  glassy  change  in  the  thermal  expansion  coefficient,  T  is  the 
temperature,  aj  the  temperature  dependent  shift  factor,  and  a^  is  the  volume  (structural)  recovery  shift 
factor.  The  volume  recovery  response  function  R(t*)  is  represented  by  the  KWW  function 


228 


(3) 


where  t,  is  the  mean  retardation  time  and  /3  is  a  parameter  which  describes  the  breadth  of  the 
retardation  spectrum.  The  volume  recovery  shift  factor  a^  as  a  function  of  time  was  determined  for 
each  of  the  T-jumps  using  Equations  1,  2,  and  3  assuming  that  aj  and  a^  have  the  following  forms 
proposed  by  Kovacs,  Aklonis,  Hutchinson,  and  Ramos  (1979) 


aT=e 


_  -e(r-r,) 


(4) 


a.=€ 


-(l-;c)es 

Aa 


(5) 


The  aa  and  a^  values  as  functions  of  6  can  then  be  compared.  If  Struik’s  hypothesis  were  correct,  one 
would  expect  a  plot  of  at^  versus  aj  to  result  in  a  straight  line  with  a  slope  equal  to  1 .  In  their  work, 
Schultheisz  et  al.  (1995)  found  that  the  slope  of  the  log  a^  versus  log  aa  values  ranged  anywhere  from 
2-5  depending  upon  thermal  history. 


Thermo  viscoelastic  Model 

While  the  data  analysis  used  by  Schultheisz  et.  al.  (1995)  indicates  that  the  mechanical  and 
volumetric  responses  are  governed  by  different  shift  factors,  the  building  block  approach  required  to 
describe  such  behavior  is  at  a  minimum  awkward.  In  addition,  multiple  parameter  sets  are  needed  to 
describe  the  complete  set  of  torsional  relaxation  and  structural  recovery  data.  The  thermoviscoelastic 
constitutive  model  is  derived  using  a  rational  thermodynamics  framework  first  proposed  by  Coleman 
(1964)  for  simple  materials  with  fading  memory.  The  method  incorporates  in  the  derivation  the 
conservation  of  mass,  energy,  linear  and  angular  momentum,  and  the  Clausius-Duhem  inequality  as 
required  by  Coleman,  but  where  (i)  the  standard  laboratory  time  is  replaced  by  the  reduced  time  t* 
and  (ii)  a  form  of  the  entropy  is  assumed  to  control  the  rate  of  relaxation.  The  derivation  of  the 
model  begins  by  assuming  a  free  energy  functional  which  is  a  function  of  both  the  instantaneous  state 
of  temperature  and  deformation  as  well  as  the  temperature  and  deformation  histories.  The  resulting 
general  form  of  the  constitutive  model  is  as  follows: 


(6) 


where  T  is  the  stress,  6  is  the  temperature,  the  linear  viscoelastic  shear  contribution  related  to  the 
linear  viscoelastic  shear  modulus,  the  linear  viscoelastic  bulk  contribution  related  to  the  linear 
viscoelastic  bulk  modulus,  is  the  thermal  stress,  V,  is  the  reference  volume,  I„  is  the  first  invariant 
of  the  relative  right  Cauchy-Green  deformation  tensor  C;=F/.Ft,  F^  is  the  relative  deformation 
gradient,  and  p*  is  the  equilibrium  pressure  determined  by  using  the  Tait  equation.  The  material  time 
is  defined  as 


««(<;) 


(7) 


where  a(?)  is  a  generalized  shift  factor.  The  Adam  and  Gibbs  (1965)  form  of  a(i;)  is  used 


229 


(8) 


log  «  =  ^ 


where  the  rate  of  viscoelastic  relaxation  controlled  by  the  configurational  entropy  given  by 


(9) 


where  ri^°°  is  the  equilibrium  configurational  entropy  and  is  a  material  function  related  to  the 
constant  pressure  heat  capacity. 

In  order  to  use  the  thermoviscoelastic  constituitve  model,  the  G^,  K^,  A^,  and  material 
ftmctions  as  well  as  the  B  parameter  in  the  shift  factor  and  p“  must  be  determined.  Rubbery  isobaric 
constant  rate  of  cooling  PVT  experiments  or  rubbery  Tait  parameters  are  needed  to  obtain  p*  . 

Using  the  principle  of  pseudo-time  shift  invariance  dlows  for  the  time  dependent  portion  to  be 
separated  from  Ae  limiting  glassy  minus  rubbery  portion  AK  given  by  the  following  relations  for  the 
bulk  material  function 

Xj=4Js:(K,e)  (10) 


Similar  relationships  exist  for  the  G^,  A^,  and  material  functions.  The  limiting  AK  and  AA  are 
determined  from  glassy  PVT  data  and  AC  is  obtained  from  the  change  in  heat  capacity  ACp  obtained 
from  a  simple  differential  scanning  calorimetry  DSC  experiment.  A  linear  viscoelastic  shear  modulus 
master  curve  from  viscoelastic  measurements  at  different  temperatues  is  used  to  determine  AG,  g 
i(t*)  and  B.  Optimization  of  Kovacs’  (1964)  volume  recovery  data  (McWilliams  and  Caruthers, 

1993)  for  poly(vinyl  acetate)  PVAc  provided  the  kA(t*),  ai(t*),  and  CA(t*)  time  dependent 
contributions. 

Since  Struik  (1978)  found  the  linear  viscoelastic  aging  time  behavior  to  be  independent  of 
deformation  type,  and  currently,  computer  code  is  not  available  to  predict  the  nonuniform  (torsional) 
deformations  used  in  the  NIST  torsional  dilatometer,  the  model  simulations  were  conducted  using 
tensile  creep  compliance  as  the  mode  of  deformation.  Also  since  model  parameters  are  only  available 
for  PVAc,  the  thermal  histories  used  were  normalized  to  the  different  Tg’s  of  the  model  epoxy  and 
PVAc  systems  obtained  at  the  same  cooling  rate;  in  other  words,  the  thermal  histories  used  in  the 
simulations  are  performed  at  the  same  T-Tg  difference. 

Creep  compliance  simulations  for  PVAc  were  performed  for  aging  times  from  0.5  to  1x10^ 
hours.  Much  longer  aging  times  were  required  in  the  simulations  of  the  prescribed  thermal  histories 
than  were  needed  in  the  experiments  to  achieve  structural  equilibrium.  Since  the  same  set  of 
parameters  can  quantitatively  represent  the  Kovacs  (1964)  volume  relaxation  experiments,  the  need  to 
employ  longer  aging  times  in  the  simulation  is  attributed  to  material  differences  in  using  the  PVAc 
parameters  instead  of  those  needed  for  epoxy.  The  resulting  simulated  compliance  curves  were  then 
shifted  horizontally  a  distance  log  a^  for  each  aging  time  as  performed  in  the  work  of  Struik  (1978). 

In  order  to  compare  the  thermoviscoelastic  model  simulation  results  to  the  experimental  epoxy 
results,  the  log  a^  reference  state  was  chosen  at  the  same  d  value  as  observed  experimentally.  The 
resulting  log  a^  versus  6  dependences  are  shown  in  Figures  1  and  2.  The  symbols  represent  the 
experimental  torsional  dilatometry  data  while  the  solid  lines  are  the  thermo  viscoelastic  model 
predictions.  The  model  was  able  to  predict  the  qualitative  differences  in  the  aging  and  volume 
relaxation  responses.  As  shown  in  Figure  1  for  the  lower  temperature  jump  cases  the  model  was  able 
to  discriminate  between  the  two  different  types  of  behaviors  observed.  As  shown  in  Figure  2,  the 
model  was  able  to  predict  the  further  aging  after  thermodynamic  equilibrium  was  obtained. 
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Figure  1 :  Result  of  Time- Aging-Time  Superposition  of  the  Thermoviscoelastic  Constitutive 
Model  Creep  Simulations.  The  symbols  are  the  experimental  results  of  up  and  down  jumps 
to  32.8  °C  and  the  solid  lines  are  the  thermoviscoelastic  model  predictions. 
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Figure  2:  Result  of  Time- Aging-Time  Superposition  of  the  Thermoviscoelastic  Constitutive 
Model  Creep  Simulations.  The  symbols  are  the  experimental  results  of  up  jumps  to  35.5  '’C 
and  the  solid  lines  are  the  thermoviscoelastic  model  predictions. 


CONCLUSIONS 


Preliminary  results  reveal  that  the  thermoviscoelastic  constitutive  model  contains  the 
appropriate  physics  to  predict  the  three  different  types  of  mechanical  and  volume  relaxation  responses 
found  by  McKenna  and  coworkers  in  their  torsional  dilatometry  studies.  Comparison  of  these  results 
with  those  in  the  paper  by  McKenna  et  al.  (1994)  show  that  the  thermoviscoelastic  model  can 
qualitatively  account  for  the  effect  of  thermal  history  on  the  relaxation.  Instead  of  attributing  these 
findings  to  different  mechanical  and  volume  timescales,  the  agreement  of  the  model  with  the  data 
suggests  that  the  coupling  between  the  deformation  and  thermal  histories  inherent  in  the 
thermoviscoelastic  constitutive  model  explains  the  experimentally  observed  phenomena  in  a  natural 
way.  These  results  indicate  that  the  thermoviscoelastic  model  contains  the  appropriate  physics  to 
account  for  different  rates  of  relaxation  dependent  upon  thermal  history  and  could  unify  a  large 
variety  of  polymeric  relaxation  phenomena. 
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ABSTRACT 

The  viscosities  of  amorphous  and  semicrystalline  polymeric  liquid  crystals  t]  have  been  measured 
by  dynamic  mechanical  analysis.  They  have  been  compared  with  the  rotational  correlation  times  of 
molecular  probes,  as  drawn  by  Electron  Spin  Resonance  spectroscopy  on  two  different  time 
scales.  In  all  the  cases  the  correlation  times  of  the  spinning  motion  of  a  cigar-like  probes  Tj  and 
r]  are  related  by  a  fractional  Debye-Stokes-Einstein  law,/.e?.  t  j  a  17  |  <  7. 

INTRODUCTION 

The  Debye-Stokes-Einstein  law  (DSE )  relates  the  rotational  correlation  times  of  a  tagged  particle  to 
the  shear  viscosity  of  the  host  medium.  The  DSE  law  is  the  rotational  counterpart  of  the  Stokes- 
Einstein  law  (  SE )  relating  the  translational  diffusion  coefficient  D  and  the  shear  viscosity. 

Both  laws  are  derived  in  the  framework  of  the  hydrodynamic  theory  and  for  a  cylindrical 
molecule  the  DSE  law  takes  the  form  [1]: 

r  ■  =vir]  IkT  +  Tq^  /=II,  _L  (1) 

where  t] ,  k  and  T  are  the  shear  viscosity,  the  Boltzmann  constant  and  the  temperature, 
respectively.  Tj  and  t  are  the  correlation  times  of  rotations  around  the  symmetry  axis  and  of  the 
symmetry  axis  itself,  respectively.  Tq-  is  important  only  in  the  low-viscosity  region  of  the  fluid 
and  will  be  ignored  henceforth.  Vj  is  related  to  the  molecular  effective  volume  and  to  the  boundary 
conditions  between  the  fluid  and  the  surface  of  the  tagged  particle. 

The  success  of  DSE  is  impressive  in  low  viscosity  fluids,  even  in  cases  where  the  tagged 
particle  is  not  a  large  brownian  particle  and  is  identical  to  the  host  molecules  [2].  In  particular,  even 
if  small  discrepancies  have  been  observed,  usually  reduced  by  considering  v/  as  one  adjustable 
parameter,  the  linearity  in  r}/T  has  been  always  demonstrated  [3]. 

In  the  last  few  years  a  considerable  amount  of  experimental  work  provided  evidence  of  a  failure 
of  both  the  DSE  and  SE  laws  in  the  supercooled  phases  of  polymers  [4],  liquid  crystals  [5]  and 
molecular  fluids  [6,7].  Careful  compilation  of  the  available  data  evidence  that  the  DSE  and  the  SE 
laws  break  down  close  to  the  critical  temperature  predicted  by  the  so  called  mode  coupling 
theory  of  the  glass  transition  [8,9].  The  breakdown  manifests  itself  as  a  decoupling  between  the 
viscosity  and  the  rotational/translational  diffusion  constants,  the  latter  being  much  less  temperature 
dependent.  In  many  cases  it  is  found  that  the  decoupling  may  be  expressed  by  fractional  SE,  DSE 
laws  [4,6,8] 

Tj.D"'  cc(j,/7’)^  (2) 

A  number  of  theoretical  papers  have  discussed  the  above  decoupling  [10-12].  However,  in  spite  of 
the  increasing  evidence  in  favor  of  eq.2  a  satisfactory  derivation  of  it  still  lacks.  Elementary  free 
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volume  arguments  lead  to  Eq.2  with  ^  =  Vg/V/t  where  V g  and  V ^  are  the  volume  of  the  guest 
molecule  and  the  critical  volume  of  the  host  phase  involved  in  the  diffusion  process,  respectively 
[4].  The  result  is  suggestive,  since  it  provides  a  way  to  measure  the  cooperative  volume  expected 
in  supercooled  phases  [71.  Nonetheless,  it  fails  to  recover  the  SEform  in  the  hydrodynamic  limit, 
since  it  predicts  ^  -^oo  .  Furthermore,  it  is  known  that  is  solvent-dependent  [4]. 

In  the  present  paper  it  will  be  shown  that  comparing  the  rotational  correlation  times  of  guest 
molecules,  as  drawn  by  Electron  Spin  Resonance  spectroscopy  on  two  different  time  scales,  with 
the  viscosity  of  amorphous  and  partially  crystalline  polymeric  liquid  crystals  yields  new  evidence 
of  the  fractional  Debye-Stokes-Einstein  law  (  FDSE  ).  Differently  from  previous  studies  the 
anisotropic  character  of  the  diffusion  is  taken  into  account  explicitely  [7]. 

EXPERIMENT 

Viscosity:  Dynamic  mechanical  measurements 

Dynamic  mechanical  measurements  were  performed  by  a  dynamic-mechanical  analyzer  Perkin 
Elmer  DMA7  equipped  with  a  control  system  TAC7/DX.  A  DEC  station  325c  is  on-line  committed 
to  the  data  management.  In  the  investigated  frequency  range  0.01-50  Hz  the  three-point  bending 
geometry  is  used.  The  sample  was  prepared  as  a  rectangular  18x5x1  mm  sheet,  according  to  the 
procedure  described  elsewhere  [13  ).  Frequency  scans  were  carried  out  after  having  equilibrated 
the  sample  for  30  min  at  the  temperature  of  interest.  By  the  usual  frequency  shift  procedure  master 
curves  and  shift  factors  a  j’ were  obtained  for  an  appropriate  reference  temperature.  It  is  known 
that  the  polymer  viscosity  is  proportional  to  the  shift  factor  a  r  [13]. 

Rotational  Diffusion:  Linear  and  non-linear  Electron  Spin  Resonance  Spectroscopies 

The  Electron  Spin  Resonance  spectroscopy  is  extensively  used  to  study  the  rotational  motion  of 
guest  paramagnetic  molecules  ,  so  called  spin  probes,  dissolved  in  simple  fluids,  liquid  crystals 
and  polymeric  materials  [14],  It  must  be  noted  that  the  signal  is  a  sum  of  single  particle 
contributions.  In  the  present  study  in  addition  to  the  customary  linear  Electron  Spin  Resonance 
experiment  (ESR )  we  have  also  employed  the  Longitudinally  Detected  ESR  technique  ( LODESR ) 
which  is  based  on  the  non  linear  response  of  the  paramagnetic  system.  Details  on  both  the 
spectroscopies  are  given  elsewhere  [15].  The  linear  ESR  measurement  were  carried  out  on  a 
Bruker  ER  200D  SRL  spectrometer  equipped  with  an  X-band  microwave  bridge.  The  home-made 
LODESR  spectrometer  is  described  elsewhere  [15]  .The  two  techniques  offer  complementary 
information  on  the  power  spectrum  of  the  random  orientation  of  the  probe  molecule  The 
ESR  spectroscopy  is  sensitive  to  7(0 ),  whereas  the  LODESR  spectroscopy  measures  the  electron 
longitudinal  relaxation  time  and  then  J(co  q)  ,  where  co  ^  is  the  electron  Larmor  angular 
frequency  {  (O  o  =  2jtlO  Hz  rad  )  .  Combining  the  ESR  and  LODESR  measurements  draw 
information  on  both  the  high-  and  low-frequency  behaviour  of  J( o) ),  namely  on  both  the  short- 
and  long-time  behaviour  of  the  correlation  function  of  the  orientation  of  the  probe  molecule.  The 
time  scales  investigated  by  linear  ESR  are  in  the  rangelO'^^ s  <  t<  10'^ s.  This  interval  covers  the 
relevant  range  for  fluids  of  low  or  intermediate  viscosity.  The  lower  time  scales  of  polymeric 
materials  are  accessible  to  LODESR  which  explores  the  range  70'^^  5  <  t<  IQ-^  s . 

The  interpretation  of  both  the  ESR  and  LODESR  signals  is  detailed  elsewhere  [16].  The  model 
pictures  the  probe  reorientation  as  a  two-step  process.  This  character  is  expected  in  viscous 
materials  and  may  be  ascribed  to  the  fast,  restricted  reorientation  of  the  probe  inside  the  cage  where 
it  is  embedded  and  the  slower  reorientation  of  the  cage  itself.  Evidence  in  favour  of  this  model  has 
been  recently  reported  [17].  The  two  components  are  described  in  terms  of  the  anisotropic 
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diffusion  model  and  characterized  by  two  different  pairs  of  correlation  times  T|j  and  Tj 
(i  =f,  s).  T  j  j  refers  to  the  rotation  around  the  symmetry  axis,  whereas  Tj  jl  lo  the  rotation  of  the 
symmetry  axis.  The  time  scales  of  the  two  components  are  well  separated.  Then,  J  {o)q  )  and  J  (0  ) 
will  be  dominated  by  the  pairs  jL  }  and  j  ,  r  respectively.  In  conclusion,  the 

LODESR  and  the  ESR  measurements  provide  information  on  the  pairs  p  ^l} 

{t I  ,  T },  respectively.  In  the  present  paper  only  the  results  on  j  and  t  ^  j  are  discussed. 


Materials 

The  PLC  under  investigation  is  the  azobenzene-containing  polyacrylate  1,  characterized  by 
repeating  units  reported  in  the  formula: 

-4  CH  -  CH-f- 

^  I  n 

o  =  c 

0-(  CH2)-0-^-N=N-Q>-0(CH2)4CH3 

HgC  1 

Polymer  1  was  prepared  by  free  radical  polymerization  (  polymerization  degree  :  100-^200  ). 
Amorphous  samples  of  the  polymer  1  were  prepared  by  quench-cooling  into  water  at  273  K, 
whereas  partly  crystallized  samples  were  subsequently  annealed  at  3()3K  for  16  h.  The  transition 
temperatures,  as  measured  by  calorimetry,  are  Tg  -  293  K,  Tm  =  353  K,  Ti  =  365  K 

In  the  ESR  study  the  spin  probe  of  choice  is  cholestane  which  has  the  following  structure 


The  rod-like  shape  of  the  radical  2  makes  it  suitable  to  probe  anisotropic  environments.  The 
concentration  of  the  spin  probe  C  referred  to  the  monomeric  unit  was  C  =  10'  ^  .  The  magnetic 
parameters  of  the  probe  2  were  optimized  by  careful  simulation  of  the  linear  ESR  lineshape  , 
according  to  the  procedure  detailed  elsewhere  116j.  The  best  fit  set  for  the  components  of  the 
Zeeman  and  hyperfine  tensors  in  the  magnetic  frame  are  gx  ~  2.0090,  gy  =  2.0075,  gz  - 
2.0030  ,  Ax  =  6  Gauss,  Ay  =  4.9  Gauss,  Az  -  33.9  Gauss,  respectively.  Experimental 
evidence  shows  that  the  spin  probe  molecules,  even  in  a  partially  cristallized  sample,  remain 
confined  in  the  amorphous  phase  [14].  It  has  been  checked  that  the  presence  of  the  spin  probe  does 
not  lead  to  any  observable  change  in  the  DSC  thermograms  of  the  polymer  1. 

RESULTS 

In  fig.l  the  temperature  dependences  of  and  the  shift  factor  a  j  are  shown  for  the 
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amorphous  polymer.  An  apparent  increase  of  the  activation  energy  is  observed  by  lowering  the 
temperature.  Fig.  1  shows  that  at  t  ,  !  Xf  ^  =300  confirming  that  the  decay  of  the  correlation 
function  occurs  with  very  different  rates  at  short  -  and  long-  times.  Fig.2  tests  the  FDSE  law  for 


T(K) 

313  293  273 


3.1  3.2  3.3  3.4  3.5  3.6  3.7 

10^/ T  /K  ‘‘ 

Fig.l.  Amorphous  polymer.  Temperature  dependence  of  the  correlation  times 
j  ,  T  ^ ,  and  the  shift  factor  a  7,  The  lines  are  guides  for  the  eye. 

the  cholestane  probe  in  the  amorphous  polymer.  The  deviation  from  the  DSE  law  is  marked. 
Furthermore,  new  evidence  in  favour  of  the  fractional  DSE  law  is  provided.  The  deviation  from  the 

DSE  law  are  stronger  for  | ,  i.e.  a  smaller  exponent  |  is  found. 


2ijll  /K' 

Fig.2  Test  of  the  FDSE  law  for  the  cholestane  probe  in  the  amorphous  polymer. 


In  fig.3  the  temperature  dependences  of  j I  and  the  shift  factor  a  j  are  shown  for  the 
semicrystalline  polymer.  Differently  from  the  amorphous  case  the  activation  energy  decreases  by 
lowering  the  temperature  with  a  knee  at  T It  is  found  that  r  j  /  |  ~  200  at  T ^  confirming 

the  non-exponential  decay  of  the  rotational  correlation  functions  also  in  this  case  . 


Fig.3.  Semicrystalline  polymer.  Temperature  dependence  of  the  correlation  times 
I  ,  T  ^  j  and  the  shift  factor  a  7.  The  lines  are  guides  for  the  eye. 

It  is  known  that  the  cholestane  probe  is  confined  in  the  amorphous  fraction  of  the  semicrystalUne 
polymer  (-  80%)  [14].  Therefore,  since  the  low-frequency  viscoelastic  properties  measured  by 
DMA  are  essentially  governed  by  the  amorphous  fraction  disturbed  by  the  crystalline  nuclei,  a 
comparison  of  j  and  t  j  with  a  j  makes  sense  also  in  this  heterogeneous  systems.  Fig.4  tests 
the  FDSE  law  for  the  cholestane  probe  in  the  semicrystalline  polymer.  Even  if  the  exponent  of  the 


a^  /T  /K-‘ 

Fig.4  Test  of  the  FDSE  law  for  the  cholestane  probe  in  the  semicrystalline  polymer. 
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FDSE  law  eq,2  )  is  higher  than  in  the  amorphous  case,  the  deviations  from  the  DSE  law  are 
marked  on  both  time  scales  and,  again,  stronger  for  j  . 


CONCLUSIONS 

We  have  tested  the  Debye-Stokes-Einstein  law  by  dissolving  a  probe  molecule  in  the  amorphous 
and  semicrystalline  phases  of  a  polymeric  liquid  crystal.  The  reorientation  process  of  the  probe 
molecule  has  been  studied  by  linear  and  non-linear  ESR  spectroscopies  on  two  different  time 
scales.  The  temperature  curves  of  the  correlation  times  and  viscosity  depend  strongly  on  the 
amorphous  fraction  of  the  sample.  Nonetheless,  they  can  be  correlated  by  a  fractional  form  of  the 
DSE  law  (  eq.2  )  on  both  the  investigated  time-scales. 
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ABSTRACT 

We  investigate  the  growth  of  quenched  Xe  films  formed  by  deposition  onto  a  cold  (15-35K) 
substrate  via  in  situ  measurements  of  x-ray  reflectivity  and  diffraction.  Surface  roughness, 
film  density,  and  crystallinity  are  determined  as  a  function  of  Xe  film  thickness,  substrate 
temperature  and  Xe  flux  in  order  to  test  for  dynamic  scaling  behavior.  Deposition  of  poly¬ 
crystalline  films  with  random  crystallite  orientations  is  achieved  through  heating  of  a  grafoil 
sheet  that  is  enclosed  in  the  sample  cell  and  has  previously  been  covered  with  bulk  Xe.  At 
16K  the  films  are  sufficiently  quenched  to  be  stable  over  several  days,  while  at  25K  annealing 
takes  place.  Differing  atomic  mobilities  at  different  temperatures  lead  to  contrasting  scaling 
behavior.  The  substrate  remains  unchanged  under  repeated  film  deposition  and  desorption 
and  therefore  allows  a  systematic  comparison  of  different  films. 

INTRODUCTION 

Non-equilibrium  growth  of  thin  films  is  a  complex  process  that  is  not  well  understood  in 
detail  despite  its  tremendous  technological  importance.  Macroscopic  properties  of  the  final 
product  depend  on  the  microscopic  structure  of  the  film,  which  in  turn  is  determined  by  the 
interplay  of  adsorption,  desorption  and  surface  diffusion  probabilities,  the  flux  and  kinetic 
energy  of  impinging  particles,  and  the  interactions  between  individual  film  and  substrate 
particles.  The  first  three  of  these  processes  depend  strongly  on  the  substrate  temperature 
and  local  surface  morphology,  the  flux  is  determined  by  the  chosen  particle  source,  and  the 
particle  interactions  vary  according  to  their  chemical  composition. 

Despite  the  multitude  of  both  local  and  non  local  factors  contributing  to  the  growth 
process  a  very  general  phenomenological  scaling  approach  for  self-affine  surfaces  [1]  has 
been  very  succesful  in  the  description  of  continuum  theories,  discrete  computer  models,  and 
experimental  data  on  growing  surfaces  and  interfaces  (see  [2]  for  a  recent  review).  According 
to  this  dynamic  scaling  theory  the  interface  width  scales  as 

w{L,t)  ~  with  =  ((/i(r,t)  -  (h))^)L  (1) 

where  L  specifies  an  interval  in  the  plane  of  the  interface,  and  /i(r,  t)  parametrizes  the 
interface  as  a  function  of  in-plane  distance  r  and  time  or  film  thickness  t.  The  roughness 
exponent  a  describes  scaling  of  the  interface  width  over  in-plane  distances  short  compared 
to  the  system  size,  while  for  systems  much  larger  than  any  in-plane  correlations  the  global 
roughness  cr  scales  with  t  according  to  the  growth  exponent  (5\ 

w[L)  ~  L"  (for  t  »  1/“/'^),  and  a  =  w(oc,  t)  ~  (2) 

In  the  experimental  determination  of  these  exponents,  which  represent  different  univer¬ 
sality  classes  of  growth,  x-ray  reflectivity  (XR)  is  a  powerful  tool  [3,4],  since  it  measures 
spatial  variations  in  the  electron  density  from  Angstrom  to  micron  lengths  scales,  while 
sampling  macroscopic  regions  of  the  film.  It  can  be  applied  in  situ  during  film  growth 
and  concurrent  with  diffraction  measurements,  thereby  correlating  interface  properties  with 
information  on  crystal  structure  and  even  growth  dynamics. 

XR  data  allow  the  determination  of  interface  roughness.  In  order  to  extract  the  growth 
exponent  /?,  a  sequence  of  films  of  different  thicknesses  has  to  be  manufactured  and  exam¬ 
ined.  For  metal  or  semiconductor  films  one  must  grow  a  number  of  films,  using  different 
substrates,  or  one  can  grow  a  single  film  in  stages,  interrupt  growth  in  order  to  perform  XR 
measurements,  and  then  continue  deposition  onto  the  same  film.  An  “ideal”  experiment 
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would  allow  repeated  use  of  a  single,  unchanged  substrate  .for  in  situ  film  deposition  under 
a  wide  range  of  deposition  parameters,  thereby  allowing  a  full  exploration  and  eliminating 
variances  not  related  to  growth  dynamics.  In  an  attempt  to  come  close  to  this  situation  we 
chose  to  investigate  the  growth  of  Xenon  films  on  a  Si02/Si  substrate  at  low  temperatures 
(15-35K).  Xenon  only  interacts  via  van  der  Waals  potentials,  is  easy  to  desorb  from  the  sub¬ 
strate,  and  it  might  be  easier  than  e.g.  semiconductors  to  model  in  computer  simulations 
for  comparison. 

SAMPLE  CELL  AND  EXPERIMENTAL  SETUP 

We  designed  and  built  a  sample  cell  (Fig.  1)  with  the  above  ideas  in  mind.  Our  substrate 
is  suspended  from  a  massive  OFHC  copper  base,  which  is  surrounded  by  a  heater  at  its 
circumference  and  in  good  thermal  contact  with  the  cold  finger  of  a  closed-cycle  displex 
helium  refrigerator.  The  substrate  (2x1.5  in)  is  backed  by  a  heating  foil  and  faces  a  sheet 
of  grafoil  of  the  same  dimension  1.5  cm  away.  The  grafoil  sheet  is  mounted  on  a  thermally 
insulating  epoxy  resin  holder  and  also  backed  by  a  heater.  A  Beryllium  cup  seals  the  inner 
part  of  the  sample  cell,  which  is  connected  to  a  gas  handling  system/turbopump.  For 
necessary  thermal  insulation  the  inner  cell  is  surrounded  by  an  aluminized  mylar  heat  shield 
and  an  outer  Beryllium  cup.  The  volume  enclosed  between  the  two  Be  shells  is  evacuated 
through  a  diffusion  pump.  The  temperature  is  measured  at  the  copper  base/cold  finger 
junction.  The  cell  cools  down  to  15-18  Kelvin.  At  these  temperatures  the  walls  of  the  cell 
cryopump  the  interior,  resulting  in  a  vacuum  better  than  in  typical  UHV  systems  at  room 
temperature. 

After  acid  cleaning  of  the  substrate  [5]  and  outgassing  of  the  grafoil  sheet  (under  vacuum 
at  SOO^’C)  both  were  mounted  in  the  sample  cell,  put  under  vacuum,  and  pumped  on  over 
night  at  ca.  50‘’C.  The  cell  was  then  cooled  down  to  125K.  At  that  temperature  we  filled 
the  cell  to  saturation  pressure  for  bulk  Xe  25Torr  [6]),  assuring  complete  coverage  of  the 
high  surface  area  grafoil  sheet  with  Xe.  After  closing  off  the  cell  we  cooled  to  the  lowest 
achievable  temperature,  while  keeping  the  substrate  at  an  elevated  temperature  and  thereby 
minimizing  condensation  of  Xe  gas  onto  the  substrate. 

The  protocol  for  the  repeated  deposition  and  desorption  of  films  was  the  following:  to 
desorb  a  film  the  cell  was  warmed  as  quickly  as  possible  to  about  60K  with  the  help  of  both 


Fig.  1:  Cross  section  of  our  low 
temperature  high  vacuum  sample 
cell  for  in  situ  XR  measurements 
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2  -  Grafoil  Holder 

3  -  Copper  Base 

4  -  Inner  Beryllium  Can 

5  -  Heat  Shield 

6  -  Outer  Beryllium  Can 

7  -  Cold  Finger 

8  -  towards  Turbopump /Gas  Han¬ 
dling  System 
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the  copper  heater  and  the  substrate  heater.  At  this  temperature  the  XR  signal  of  the 
uncovered  substrate  was  visible.  We  then  cooled  the  cell  down  again,  leaving  the  substrate 
heater  at  an  intermediate  setting  and  monitoring  the  reflectivity  at  a  fixed  angle.  This  way 
almost  all  of  the  Xe  would  adsorb  onto  the  large  surface  area  offered  by  the  grafoil  sheet, 
which  due  to  its  insulation  does  not  reach  temperatures  as  high  as  the  rest  of  the  sample 
cell.  Back  at  the  lowest  temperature  with  the  substrate  heater  turned  off  we  recovered 
a  repeatable  reflectivity  curve  corresponding  to  about  SA  of  Xe  on  top  of  the  substrate 
and  no  detectable  Xe  Bragg  peaks.  Films  were  deposited  simply  by  turning  on  the  grafoil 
heater.  Unfortunately  there  is  a  significant  time  delay  between  turning  on  the  heater  and 
Xe  adsorption  on  the  substrate,  since  the  grafoil  has  to  reach  a  temperature  close  to  50K 
before  significant  Xe  desorption  sets  in.  This  makes  it  difficult  to  exactly  obtain  a  desired 
thickness.  At  a  fixed  angle  one  can  watch  oscillations  in  the  XR  with  increasing  film  thickness 
to  monitor  the  growth  to  some  extent,  not  unlike  RHEED  oscillations,  but  with  periods  of 
about  100 A.  The  oscillations  decay  as  the  film  roughens. 

Our  setup  for  XR  is  discussed  in  detail  elsewhere  [7].  Specular  reflectivity  is  described 
by  the  momentum  transfer  between  incoming  and  reflected  beam  =  2ksm{29/2),  with 
k  =  27r/A  as  the  wavevector,  A  =  1.542 A  as  the  wavelength  of  the  x-rays,  and  29  the 
scattering  angle.  We  used  a  bent  graphite  monochromator  and  a  scintillation  detector  for 
moderate  resolution  (MR)  measurements  on  the  substrate  and  Xe  films  up  to  260A  thick. 
Our  source  is  a  rotating  copper  anode,  which  allows  us  to  cover  eight  orders  of  magnitude  in 
specular  reflectivity  and  momentum  transfer  up  to  about  0.7A“^  in  this  setup.  For  thicker 
films  we  used  a  Si(lll)  crystal  as  monochromator  and  a  position  sensitive  detector  (PSD) 
with  a  beam  size  of  0.1  mm  in  the  scattering  plane  in  a  high  resolution  setup  (HR).  With 
the  PSD  we  can  record  specular  and  off-specular  reflectivity  simultaneously  without  having 
to  perform  time  consuming  detector  scans.  Analysis  of  off-specular  data  will  be  presented 
elsewhere  [8].  Due  to  the  lower  level  of  dark  counts  in  the  PSD  we  can  still  cover  up  to 
seven  orders  of  magnitude  in  reflectivity  despite  the  smaller  x-ray  flux  (see  Fig.  2).  Fitting 
of  our  specular  reflectivity  data  was  done  with  a  dynamically  optimized  simulated  annealing 
technique  [9].  The  model  parameters  are  roughness,  thickness,  and  unit  number  density  for 
each  layer  (see  [5]  for  details).  Interface  roughness  is  modeled  by  an  error  function  density 
grade,  using  the  “q-qt”  approximation  [10]  to  describe  the  reduction  in  specular  intensity 
due  to  roughness.  The  calculated  reflectivity  takes  finite  resolution  in  Qz  into  account. 

RESULTS 

In  order  to  obtain  a  clearly  identifiable  substrate  signal  we  chose  a  Si  crystal  with  a 
thick  regrown  Si02  layer  on  top,  avoiding  diflftculties  with  the  characterization  of  natural 
Si02  layers  [5].  Fitting  of  MR  data  in  the  absence  of  Xe  required  the  addition  of  a  layer  of 
unknown  consistency  (about  SA  thick  and  SA  rough)  on  top  of  a  SISA  thick  and  fiA  rough 
Si02  layer.  We  assume  the  top  layer  to  be  residual  water  and  incorporate  it  into  our  model. 
The  existence  of  this  layer  only  became  obvious  due  to  the  large  range  in  qz  accessible  in 
the  MR  setup.  Repeated  Xe  ad-  and  desorption  did  not  measurably  affect  the  reflectivity 
of  the  bare  substrate. 

In  the  15-18K  temperature  range  specular  reflectivity  from  a  single  Xe  film  remained 
virtually  unchanged  over  the  course  of  days,  while  increasing  the  temperature  to  25  K  lead 
to  slow  annealing  of  the  films  due  to  increased  Xe  mobility.  Fig.  2  shows  some  specular 
reflectivity  spectra  and  their  fits.  The  characteristic  oscillations  from  the  regrown  Si02  are 
visible  in  all  data  sets.  For  the  thicker  and  rougher  films  the  Xe  oscillations  die  out  at 
much  lower  leaving  only  the  substrate  signal.  Fig.  3  is  a  log-log  plot  of  roughness  vs. 
two  orders  of  magnitude  in  thickness  of  the  Xe  films.  The  shown  points  were  obtained 
from  films  deposited  with  randomly  varied  fluxes,  differing  amounts  of  Xe  present  in  the 
cell,  and  measured  in  MR  and  HR  setups.  The  temporal  sequence  is  indicated  by  the 
numbers.  Nevertheless  the  points  seem  to  fall  into  two  distinct  groups  with  power  law  fits 
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Fig.  2:  Specular  reflec¬ 
tivity  data  and  fits  for 
(top  to  bottom)  the  sub¬ 
strate  without  Xe,  with 
residual  Xe,  with  45k  (all 
in  MR),  and  with  62k 
(HR)  of  Xe.  The  in¬ 
set  shows  the  same  data 
for  films  of  103,  363,  and 
830k  of  Xe  in  HR.  All 
films  were  deposited  be¬ 
tween  15  and  18K.  The 
curves  are  shifted  for 
clarity. 
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Fig.  3:  Roughness  a  of  Xenon 
films  as  function  of  thickness  at 
three  different  deposition  tempera¬ 
tures.  Films  deposited  between  15 
and  18K  are  numbered  according 
to  the  temporal  sequence  in  which 
they  were  made.  The  solid  lines 
show  separate  fits  to  eqn.  2  for 
films  less  (fi  =  0.66(1))  and  more 
(13  —  0.33(2))  than  lOOk  thick.  The 
dashed  line  is  a  fit  to  the  25K  films 
(fi=  0.9(2)). 
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to  /3  =  0.33(2)  for  the  thicker  films  and  (3  —  0.66(1)  for  the  films  below  lOOA  thickness,  and 
with  a  steep  increase  in  roughness  between  the  groups.  The  fits  also  reveal  an  increase  in 
Xe  number  density  n  with  thickness,  ranging  from  1.0  x  10“^A“^  for  a  lOA  thick  film  to 
1.7(2)  X  10“^A“^  for  films  more  than  60A  thick.  (Bulk  Xe  at  58K  has  n  =  1.68  x  10“^A"^ 
and  a  lattice  constant  of  6.197A  [11]). 

Xe(lll)  Bragg  peaks  are  visible  in  all  but  the  thinnest  films  in  HR.  Rocking  curves 
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show  the  films  to  be  polycrystalline  with  random  crystal  orientations.  A  weak  variation  in 
radial  peak  width  shows  crystal  sizes  to  increase  with  film  thickness.  However  for  films  more 
than  300A  thick  the  average  crystal  size  remains  fairly  constant  around  120A.  The  lattice 
constant  for  Xe  crystallites  tends  to  be  slightly  smaller  for  films  less  than  300A  thick  (fi.OSA 
compared  to  6.IIA),  probably  due  to  stress  caused  by  interaction  with  the  substrate. 

We  made  some  films  at  substrate  temperatures  of  25  and  30  K,  cooling  the  cell  down 
again  immediately  after  the  deposition.  The  thicker  films  are  rougher  and  the  thinner  films 
are  smoother  than  their  counterparts  deposited  between  15  and  18K.  Extracting  /3  from 
only  three  points  yields  a  value  of  0.9(2).  The  distinction  is  also  visible  during  deposition, 
as  shown  in  Fig.  4.  The  reflectivity  starts  out  in  a  similar  fashion  for  both  17  and  25K,  but 
at  the  second  maximum  I6OA  Xe)  the  25K  curve  corresponds  to  a  significantly  smoother 
film  than  the  17K  curve.  Around  the  third  maximum  the  curves  cross  (?«  260A  Xe)  and  the 
17K  layer  becomes  smoother  than  the  25K  layer,  in  complete  correspondence  with  the  data 
shown  in  Fig.  3. 

Depositions  at  35K  look  strikingly  different.  The  reflectivity  falls  off  very  quickly,  cor¬ 
responding  to  very  large  roughnesses  for  rather  thin  Xe  layers,  and  then  seems  to  oscillate 
without  a  strong  increase  in  surface  rouhgness.  This  behavior  is  mirrored  as  well  in  Fig.  3. 
The  density  of  the  74A  thick  and  37A  rough  Xe  layer  is  only  70%  of  bulk  density,  while  the 
two  thicker  films  are  close  to  bulk  density. 

DISCUSSION 

Fig.  3  and  the  real-time  trends  seen  in  Fig.  4  indicate  several  different  deposition  regimes. 
For  the  lowest  temperature  depositions,  where  we  have  concentrated  our  efforts,  two  different 
behaviors  are  observed  as  the  film  thickens.  At  low  coverage  the  average  Xe  density  is  lower 
than  bulk  and  approaches  bulk  as  thickness  increases.  We  suspect  that  near  lOOA  islands 
coalesce  into  a  continuous  film  and  that  the  growth  in  roughness  thereafter  is  due  to  a 
different  process.  The  fact  that  islands  are  able  to  form  at  such  low  temperatures  may  be 
due  to  mobility  associated  with  the  release  of  the  roughly  lO^K  of  binding  energy  per  adsor- 


Fig.  4:  Reflected  spee- 
ular  intensity  at  a  fixed 
angle  {29  =  1.0")  dur¬ 
ing  film  deposition  at  dif¬ 
ferent  substrate  temper¬ 
atures.  Two  different 
sets  of  depositions  result¬ 
ing  in  similar  film  thick¬ 
nesses  are  shown  (top:  ~ 
550k,  bottom:  ~  390k) 
o,nd  shifted  for  clarity. 
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bing  Xe  atom;  we  expect  finite  mobility  of  incoming  atoms  even  in  the  zero  temperature  limit. 
At  slightly  elevated  temperatures  (25K),  roughness  is  intially  reduced  but  then  overtakes 
that  of  the  low  temperature  films.  Since  at  25K  we  see  slow  annealing  dynamics  changing 
average  crystallite  size,  surface  roughness,  and  Xe  density  -  all  of  which  is  not  visible  at  18K 
-  it  is  clear  that  surface  and  maybe  even  bulk  diffusion  takes  place  here.  Thus,  initial  islands 
may  be  smoother,  larger,  and  farther  apart  and  coalescence  occurs  at  an  increased  average 
film  thickness.  At  35K  our  sparse  data  may  indicate  a  small  number  of  large  crystallites 

yielding  large  roughnesses  even  for  lOOA  films. 

The  present  work  demonstrates  the  feasibility  of  using  inert  atoms  and  molecules  as 
model  materials  in  the  study  of  deposition  kinetics.  With  an  appropriate  sample  cell  in 
situ  deposition  of  many  films  onto  a  repeatably  prepared  substrate  is  straightforward.  Non¬ 
equilibrium,  rough,  but  stable  films  of  even  a  heavy  noble  gas  can  be  generated  at  suf¬ 
ficiently  low  temperature.  These  films  should  mimic  the  behavior  of  more  conventional 
non-equilibrium  depositions  such  as  metals  deposited  at  room  temperature.  The  ease  of 
doing  repeated  measurements  on  a  single  substrate  allows  measurement  of  many  saniples 
produced  under  a  variety  of  conditions,  such  as  varied  substrate  temperature  and  deposition 
rate.  The  preliminary  analysis  of  our  data  reported  here  illustrates  that  there  exists  a  rich 
variety  of  regimes  in  this  system  (see  below) .  This  variety  is  probably  reflected  in  other  sys¬ 
tems  and  may  be  responsible  for  the  wide  variation  in  reported  exponents  [2],  Continuum 
theories  and  discrete  computer  models  that  show  dynamic  scaling  generally  do  not  take  into 
account  the  effects  of  crystallization,  which  can  influence  surface  roughness. 

We  have  combined  XR  and  diffraction  in  order  to  correlate  trends  in  the  “continuum 
limit”  parameters  surface  morphology,  density,  and  thickness,  with  variations  in  atomic 
ordering  parameters  such  as  lattice  constants  and  crystallite  sizes  and  orientations.  We 
are  also  able  to  verify  that  our  fitting  of  extensive  XR  data  after  film  growth  is  completed 
is  consistent  with  the  behavior  of  the  film  during  deposition.  Analysis  of  the  real  tinie 
deposition  curves  in  Fig.  4  potentially  could  supply  detailed  information  on  the  kinetic 
roughening  process,  but  is  complicated  by  the  varying  film  density  during  growth  and  by 
changes  in  the  deposition  rate  due  to  the  varying  grafoil  temperature. 

Many  further  developments  are  possible.  First,  we  will  analyse  the  diffuse  scattering 
from  the  films  reported  here.  This  may  yield  information  on  islanding  and  coalescence 
through  the  in-plane  length  scales  which  dominate  the  roughness.  Further  data  collection 
using  a  synchrotron  source,  an  improved  substrate,  additional  temperature  sensing  inside 
the  sample  cell,  and  possibly  a  deposition  source  with  faster  response  time  should  yield 
copius  information  about  all  the  deposition  regimes  merely  hinted  at  in  this  work.  Finally, 
we  look  forward  to  making  similar  measurements  on  more  complex  molecular  systems. 
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ABSTRACT 

Molecular  dynamics  simulations  on  the  solid-liquid  transition  of  copper  crystals  have 
been  performed.  The  configulation  and  the  motion  of  atoms  are  monitored  by  RDF.  It  is 
seen  that  the  height  of  the  first  peak  in  the  RDF,  which  located  at  the  nearest  neighbour 
distance,  decreased  drastically  as  the  temperature  is  increased. 


INTRODUCTION 

The  melting  of  crystals  is  one  of  the  most  fundamental  phenomena  in  the  materals.  A 
number  of  experimental  and  theoretical  studies  have  been  reported  on  the  subject,  but  the 
microscopic  mechanisms  of  the  melting  is  not  known.  The  method  of  computer  simulation 
has  widely  been  applied  to  the  problem  [1,2].  A  mlecular  dynamics  simulation  of  the 
melting  of  fee  metals  has  been  done  by  using  a  new  EAM  potential  developed  by  the 
present  authors[3].  The  results  for  copper  is  presented  in  this  paper. 


METHOD  OF  SIMULATION 

The  model  crystal  used  in  the  simulation  is  shown  in  Fig.  1,  which  has  a  cubic  shape 
with  edges  along  [100]  axes.  The  numbers  of  atoms  involved  in  the  crystals  are  1099  or 
2457.  The  configulation  of  atoms,  which  is  initially  located  in  a  middle  plane  (shaded  in 
the  figure)  are  monitored. 

The  embedded  atom  method  potential  developed  by  the  present  authors  was  used  to 
express  the  interaction  between  copper  atoms.  The  total  energy  is  expressed  as 

=  +  (1) 

i 

F(p)  =  Dplnp,  p  =  'Zfi’->,),  (2) 

where,  F{p)  is  the  embedding  energy  for  Tth  atom,  p  is  the  electron  density  function,  (p  is 
the  pairwise  interaction  energy  and  is  the  distance  between  Ath  and  j-th  atoms.  For 
the  functional  forms  of  p  and  /,  we  assume 


<p{r)  =  A(rc  —  r)exp(~Cir), 

(3) 

<p{r)  =  B(rc  -  r)  exp(— C'2r). 

(4) 
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Fig.  1.  Model  crystal 

Here  rc  is  the  cut  off  length  of  the  interaction,  and  r  and  vq  are  nomalized  by  the  nearest 
neighbor  distance. 

As  a  initial  condition,  atoms  are  placed  in  the  perfect  crystal  positions  of  fee  structure 
and  the  initial  velocity,  v^  is  given  to  each  i-th  atom.  The  magnitudes  and  the  directions 
of  Ui’s  are  chosen  by  random  numbers  and  their  mean  value  is  related  by  the  reference 
temperarure  T*. 

-  3kBT\  (5) 

where  m  is  the  atomic  mass,  and  kB  is  the  Boltzmann’s  constant. 

Under  these  initial  conditions,  molecular  dynamics  was  started.  The  time  interval  At  of 
the  difference  equation  was  set  to  be  5  x  10“^^  sec.  The  atomic  configulation  and  the  radial 
distribution  function  (RDF)  were  calculated  every  hundred  time  steps. 


RESULTS  AND  DISCUSSION 

The  result  for  the  change  of  atom  configuration  in  the  crystal  with  1099  atoms  at  the 
temperature  T*  =  1300K  is  shown  in  Fig.  2,  where  S  is  the  number  of  time  steps.  The 
displacement  inY  -  Z  plane  and  X  -  Z  plane  are  separately  shown  at  each  time  steps.  It 
is  seen  that  the  atoms  are  moving  violently  in  the  crystal  and  many  holes  appear  with  the 
time  step.  The  radial  distribution  functions  (RDF)  correspondig  to  each  time  step  of  Fig. 
2  are  shown  in  Fig.  3.  The  pulse-like  distribution  for  the  crystal  (  5  =  0  )  is  quickly 
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FIG. 4.  Atomic  configuration  and  RDF  at  T=700  [K]. 


smeared  out  at  early  stages  of  the  simulation,  and  broad  peaks  are  observed  at  the  first 
and  third  neighbor  distances. 

The  atom  configulations  and  the  RDF  for  different  temperatures  T*  are  shown  in  Fig. 
4  respectively.  At  the  lower  temperatur  (T*  =  TOOK),  atoms  near  the  crystal  surface 
are  moving,  but  the  fee  structure  is  seen  inside.  The  RDF  peaks  are  narrower  than  the 
T*  =  1300K.  It  may  be  suggesting  that  the  melting  initially  happens  at  the  surface. 

Similar  calculations  were  made  at  various  temperatures.  The  RDF  values  at  the  first 
{r  =  To  ),  the  second  (r  ==  \/2ro)  and  the  third  (r  =  \/3ro)  neibor  distance  in  the  crystal 
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Fig.  5.  Temperature  dependence  of  RDF 


are  shown  as  a  function  of  the  temperature  in  fig  5.  The  peak  height  at  the  first  neighbur 
distance  shows  clear  drop  at  T*  ~  800K,  which  may  crrespond  to  the  melting.  More 
detailed  investigation  is  in  progress. 
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ABSTRACT 

The  behavior  of  electron  and  phonon  excitations  in  systems  with  irregular  boundaries  is 
discussed  on  the  specific  example  of  prefractal  shapes.  We  show  that  both  electron  states  and 
acoustical  phonons  exhibit  localization  properties.  This  effect  is  stronger  when  the  fractality  of  the 
shape  is  increased.  In  consequence  the  electron-phonon  interaction  in  small  crystallites  should  be 
strongly  dependent  on  their  shape  or  roughness.  This  localization  could  play  a  role  in  the  thermal 
properties  of  glasses  where  internal  partial  crytallization  has  no  reason  to  build  pseudo-crytalline 
entities  which  should  be  smooth. 

INTRODUCTION 

It  is  known  that  disorder  can  cause  localization  [1].  Usually  disorder  really  means  internal 
disorder,  like  impurity  disorder,  structural  or  compositional  disorder.  “Shape”  disorder  on  the 
other  hand,  has  not  yet  been  considered.  It  is  accepted  that  many  between  the  essential  properties 
of  solids  do  not  depend  on  their  shape.  This  belief  is  justified  by  the  fact  that  the  density  of  states, 
for  electrons  or  for  phonons,  is  considered  to  be  proportional  to  the  volume  of  the  solid, 
independently  of  its  shape.  This  fact  corresponds  to  the  exact  mathematical  result  that,  in  the  so- 
called  asymptotic  limit,  the  density  of  states  contains  a  dominant  term  proportional  to  the  volume  of 
the  solid.  Although  it  is  known  that  there  exist  correction  terms  which  are  shape  dependent,  their 
contribution  is  negligible  in  the  asymptotic  limit  where  wavelengths  are  much  smaller  than  the  size 
of  the  solid  [2]. 

If,  however,  one  considers  the  physics  of  small  clusters,  dots  or  wires  with  a  typical  size  in  the 
order  of  a  few  nanometers,  the  effects  of  size  and  shape  are  not  small.  Consequently,  the  physical 
properties  of  these  systems  will  depend  on  their  shape.  If  one  considers  electron  states,  this  is 
important  for  energies  near  the  band  edges  in  semi-conductor  wires  and  dots.  For  the  same  type  of 
crystallites,  the  shape  will  influence  thermal  phonon  properties  at  relatively  low  temperature  where 
the  wavelength  is  of  the  order  of  nanometers. 

In  this  paper  we  show  that  geometrical  irregularity  causes  effective  localization  both  for 
electrons  and  phonons.  We  use  fractal  geometry  as  a  general  framework  for  the  description  of 
irregularity.  We  can  then  apply  previous  work  and  concepts  used  in  our  studies  of  the  vibrations  of 
fractal  drums.  However,  the  results  that  will  be  presented  here  are  more  related  to  the  geometrical 
irregularity  than  to  scaling  properties  of  the  structure. 

We  consider  here  the  two  geometries  which  are  shown  in  Fig.  1.  It  is  these  prefractal  shapes 
that  we  use  to  model  a  concrete  case  of  irregularity.  They  could  represent  a  2d  crystallite.  If  we  are 
interested  in  electron  states  we  have  to  solve  a  Schroedinger  eigenvalue  equation  on  this  domains: 

(-»2/2m)A'I'N  =  EN'I'N  (1) 

with  the  Dirichlet  boundary  condition  =  0  on  the  perimeter  of  the  system.  The  problem  is  really 
the  problem  of  quantum  states  in  irregular  quantum  wells.  The  computation  of  these  states  was 
made  numerically  in  references  [3-4]  where  the  eigenmodes  were  called  Dirichlet  fractinos.  These 
results  have  been  tentatively  used  to  explain  the  electro-optical  properties  of  porous  silicon  in 
reference  [5]. 

If  we  consider  acoustical  vibrations,  we  are  lead  to  the  same  eigenvalue  problem 

A'Pjj  =  -(C0n2/c2)'P(,  (2) 

but  now  the  Neumann  condition  0T^j^/3n  =  0  applies  along  the  normal  to  the  boundary.  Here  c 
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Fig.  1 :  The  prefractal  shapes  under  study  at  stage  v  =  1  and  2  of  iteration.  The  square  inititator  has 
a  side  L. 


represents  the  sound  velocity  of  the  transverse  acoustical  modes  in  a  2d  crystal  of  large  volume. 
These  eigenstates  have  been  computed  and  are  presented  in  reference  [6].  They  are  named 
Neumann  fractinos.  We  do  not  recall  here  the  computational  method  which  has  been  used  to 
compute  Dirichlet  and  Neumann  fractinos  as  it  is  described  extensively  in  [3-4]  and  [6].  Note  that 
discretization  of  (2)  is  not  a  problem  concerning  phonons  as  they  represent  the  motion  of  discrete 
masses. 

The  density  of  states  of  both  Dirichlet  and  Neumann  fractinos  are  strongly  perturbed  by  the 
irregularity  but  we  do  not  discuss  this  aspect  here  and  concentrate  on  the  description  of  localization 
and  its  general  dependence  on  the  geometry  of  the  system.  For  this  we  compute  the  size  of  the 
region  where  the  vibrational  amplitude  is  large. 

To  characterize  mathematically  the  localization  or  the  confinement  of  each  state  we  compute, 
following  Thouless  [7],  the  “existence  volume”  of  a  given  state  This  volume  is  a  sum  over 
the  square  lattice  sites  i: 

Sn=  [Eia^  iH'N.jh]-'  (3) 

where  a  is  the  distance  between  the  lattice  sites.  The  state  has  been  normalized  by: 

=1-  W 

For  a  normalized  constant  function  the  localization  volume  is  equal  to  the  surface  S  of  the 
system. 

LOCALIZATION  OF  ELECTRONS  IN  DIRICHLET  FRACTINOS 

Due  to  the  discretization  in  the  numerical  procedure  there  exists  a  small  systematic  error  in  the 
numerical  value  that  we  find  for  the  eigenvalues.  This  should  have  very  little  effect  on  the  spatial 
distribution  of  the  amplitudes  that  we  discuss  here.  For  sine  functions  which  are  the  eigenstates  of 
the  square  crystallite  the  existence  volume  is  a  constant  equal  to  (4/9)S  independently  of  the 
frequency  or  energy  of  the  mode.  If  we  find  that  S^  is  significantly  smaller  than  this  value,  we 
will  say  that  the  corresponding  state  of  index  N  is  “localized”. 

The  values  of  the  relative  occupation  volume  S^/S  of  the  first  300  lower  Dirichlet  fractinos  for 
V  =1  and  V  =  2  are  presented  in  Fig.  2.  They  show  first  that  the  existence  volume  is  only  a  fraction 
of  the  total  surface  of  the  resonator.  Second,  the  tendency  to  localization  is  increased  by  the 
fractality  of  the  frontier.  For  the  second  generation  the  smallest  value  of  the  existence  volume  that 
we  found  was  equal  to  0.043  for  state  index  N  =235/238  (a  degenerated  state).  The  averages  over 
these  300  lower  states  are  <Sj^/S>  =  0.33  for  generation  1  and  <Sivf/S>  =  0.23  for  generation  2. 
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Fig.  2:  Relative  localization  volume  for  Dirichlet  fractinos  or  electron  states  in  irregular  quantum 
wells  with  the  shapes  of  Fig.  1.  For  a  square  crystallite  the  value  is  equal  to  4/9=0.444 
independently  of  the  energy. 


The  particular  geometries  that  we  have  studied  have  a  C4  rotational  symmetry.  Eigenmodes  are 
then  basis  functions  of  this  symmetry  group  and  therefore  occupy  the  four  quadrants  of  the 
geometry  shown  in  Fig.  1  with  the  same  density.  In  a  non-symmetric  geometry,  this  would  not  be 
true  and  the  existence  volume  will  be  smaller  by  a  factor  between  2  and  4. 

Note  that  the  second  generation  has  a  smaller  cut-off  length  equal  to  L/16  in  our  specific 
example.  This  smaller  cut-off  is  then  of  the  order  of  a  few  atomic  distances  for  a  system  of  a  few 
nanometers  in  diameter.  If  one  considers  electrons  in  metal  clusters,  the  localization  effects  should 
not  be  important  because  the  Fermi  wavelength  is  of  the  order  of  the  interatomic  distance.  In  such  a 
case  the  asymptotic  limit  is  a  good  approximation.  On  the  contrary  electrons  and  holes  in 
semiconductors  will  be  localized  in  such  structures  if  L  is  of  the  order  of  a  few  nanometers. 

The  reason  for  the  localization  of  these  modes  is  the  very  efficient  screening  properties  of  the 
geometrical  irregularities  that  were  discussed  extensively  in  [3].  It  is  interesting  to  note  that 
increased  fractality  causes  an  increase  in  localization  effectiveness. 

LOCALIZATION  OF  ACOUSTICAL  PHONONS  JN  NEUMANN  FRACTINOS 

The  values  of  the  relative  occupation  volume  Sjsj/S  of  the  first  200  lower  Neumann  states  for  v 
=1  and  V  =2  are  presented  in  Fig.  3.  Again,  apart  from  the  very  first  lower  states,  the  existence 
volume  is  only  a  fraction  of  the  total  surface  of  the  resonator.  Here  also,  the  tendency  to 
localization  is  increased  by  the  fractality  of  the  frontier.  For  the  second  generation  the  smallest 
value  of  the  relative  existence  volume  that  we  found  was  equal  to  0.03 1  for  state  index  N  =  62  and 
63.  We  give  a  graphical  representation  of  this  mode  in  Fig.4.  For  Neumann  fractinos  the  average 
over  two  hundred  lower  states  is  <Si,j/S>  =  0.35  for  generation  1  and  <Sjsj/S>  =  0.24  for 
generation  2.  The  above  remark  about  the  influence  of  the  symmetry  is  applicable  to  Neumann 
states  and  in  nonsymmetric  systems  the  localization  effects  should  be  stronger. 

The  reason  for  localization  in  this  case  is  very  different.  Whereas  Dirichlet  fractinos  decay  very 
rapidly  towards  the  boundary  [4]  and  are  thus  located  in  at  least  some  small  distance  from  the 
perimeter,  Neumann  fractinos  have  the  opposite  tendency.  As  a  most  remarkable  fact  we  have 
found  that  many  of  the  localized  modes  have  their  maxima  at  or  close  to  the  fractal  boundary.  The 
boundary  region  is  free  to  vibrate.  In  a  region  close  to  the  boundary  the  spatial  variation  of  the 
amplitude  is  constrained  by  the  fact  that  the  Neumann  boundary  condition  d^/dn  is  imposed  in 
several  directions  of  space.  In  the  only  direction  where  the  gradient  can  be  large  the  amplitude  must 
vary  significantly  over  a  fraction  of  the  wavelength  to  satisfy  the  Helmholtz  equation.  Far  from  the 
boundary  destructive  interferences  will  make  the  amplitude  small. 
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State  Index  N 

Fig.  3:  Relative  localization  volume  for  Neumann  fractinos  or  acoustical  phonons  in  irregular 
crystallites  having  the  shapes  of  Fig.  1.  The  trivial  constant  state  has  a  relative  localization  volume 
equal  to  one  and  the  cosine  eigenstates  of  the  square  have  S^/S  =4/9. 


Fig.  4:  Specific  example  of  a  localised  (degenerated)  eigenmode  under  Neumann  boundary 
conditions.  In  this  picture  the  amplitudes  are  indicated  by  different  grey  levels.  The  black  regions 
stand  for  positive  and  the  white  regions  for  negative  amplitudes,  the  neutral  grey  tone  for  nearly 
zero  amplitude. 


CONCLUSIONS  AND  OUTLOOK 

We  have  shown  that  geometrical  irregularity  of  the  boundaries  of  2d  crystallites  in  otherwise 
uniform  or  periodic  structures  creates  localization.  There  is  no  reason  why  this  fact  should  not 
exist  in  three  dimensional  systems.  The  geometrical  decoupling  between  the  Neumann  and 
Dirichlet  fractinos  corresponds  to  a  lowering  of  the  electron-phonon  interaction  effectiveness  in 
irregular  structures.  In  a  very  qualitative  manner,  one  could  say  that  in  irregular  semiconductor 
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crystallites  electrons  in  the  fundamental  states  and  acoustical  phonons  do  not  occupy  the  same 
regions. 

The  fact  that  both  Dirichlet  and  Neumann  fractinos  have  a  strong  tendency  to  localization  may 
have  special  implications  in  the  case  of  glasses.  Let  us  consider  glasses  as  made  of  intermixed 
regions  of  soft  and  hard  material  with  a  typical  range  of  the  order  of  a  few  nanometers  and 
irregularity  in  the  range  of  1  nanometer.  Then  the  vibrational  acoustical  states  should  be  localized 
in  both  hard  and  soft  regions.  This  is  true  of  the  “hard”  regions  which  will  see  a  soft  environment 
and  will  vibrate  freely  like  Neumann  excitations.  In  the  same  time,  the  “soft”  regions  would  have 
their  boundaries  blocked  by  the  harder  regions  and  their  vibrations  should  then  behave  as  Dirichlet 
excitations  which  should  also  be  localized  if  the  boundaries  are  irregular. 

Although  we  have  not  computed  acoustical  3d  modes  with  their  different  polarizations  we  see 
no  reason  why  the  same  localization  properties  should  not  hold  for  these  cases  if  geometrical 
irregularity  is  present. 
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ABSTRACT 

Recently  a  number  of  experimental  studies  focusing  on  the  scaling  properties  of  surfaces 
eroded  by  ion  bombardment  provided  apparently  contradictory  results.  A  number  of  exper¬ 
iments  report  the  observation  of  self-affine  fractal  surfaces,  while  others  provide  evidence 
about  the  development  of  a  non-fractal  periodic  ripple  structure.  To  explain  these  dis¬ 
crepancies,  here  we  derive  a  stochastic  nonlinear  equation  that  describes  the  evolution  and 
scaling  properties  of  surfaces  eroded  by  ion  bombardment.  The  coefficients  appearing  in 
the  equation  can  be  calculated  explicitly  in  terms  of  the  physical  parameters  characterizing 
the  sputtering  process.  We  find  that  transitions  may  take  place  between  various  scaling 
behaviors  when  experimental  parameters,  such  as  the  angle  of  incidence  of  the  incoming 
ions  or  their  average  penetration  depth,  are  varied. 


Introduction 

With  the  decreasing  size  of  microelectronic  devices,  long  ignored  questions  regarding  the 
morphology  of  surfaces  resulting  from  various  growth  methods  and  processing  techniques 
have  become  the  center  of  the  attention  in  the  research  community.  While  for  a  long  time 
attempts  have  been  made  to  characterize  the  morphology  of  various  surfaces,  only  lately, 
with  the  introduction  and  wide  availability  of  high  resolution  observational  techniques,  such 
as  STM  or  AFM,  it  has  become  possible  to  obtain  quantitative  results  regarding  the  surface 
morphology  and  surface  roughness.  The  most  striking  result  is  that  for  most  growth  pro¬ 
cesses  roughness  is  not  an  exception  but  rather  a  rule,  most  surfaces  being  microscopically 
rough  [1).  Depending  on  the  temperature,  flux,  and  the  nature  of  the  deposited  material 
and  substrate,  the  roughness  of  the  surface  can  vary  from  a  few  monolayers  to  hundreds  of 
monolayers.  Naturally,  for  many  applications  one  would  need  surfaces  that  are  smooth  down 
to  the  atomic  level,  for  rough  surfaces  have  rather  poor  contact  properties,  and  roughness 
affects  both  the  electronic  and  the  magnetic  properties  of  the  system. 

In  the  last  decade  we  have  witnessed  the  development  of  an  array  of  theoretical  tools, 
ideas  and  techniques  intended  to  describe  and  characterize  the  growth  and  roughening  of 
nonequilibrium  surfaces  [1,  2,  3,  4,  5].  Initiated  by  advances  in  understanding  the  statistical 
mechanics  of  various  nonequilibrium  systems,  it  has  been  observed  that  for  most  surfaces 
in  nature  the  roughness  follows  simple  scaling  laws.  These  surfaces  are  self-affine  fractals, 
being  uniquely  characterized  by  the  roughness  or  self-affine  exponent.  One  of  the  main 
advantage  of  this  description  is  that  various  growth  processes  can  be  classified  into  univer¬ 
sality  classes  that  share  the  same  scaling  exponents.  On  the  practical  side  this  means  that 
the  scaling  exponents  characterizing  roughness  do  not  vary  continuously,  but  are  defined  by 
the  universality  class  to  which  they  belong. 

One  particularly  important  thin  film  processing  technique  is  ion  beam  sputtering  [6,  7,  8]. 
Sputtering  is  the  removal  of  material  from  the  surface  of  solids  through  the  impact  of 
energetic  particles.  It  is  a  very  widespread  technique,  used  in  a  large  number  of  applications, 
with  a  remarkable  level  of  sophistication.  It  is  a  basic  tool  in  surface  analysis,  depth 
profiling,  sputter  cleaning,  micromachining,  and  sputter  deposition.  Perhaps  the  largest 
community  of  users  of  sputtering  are  in  the  thin  film  and  semiconductor  fabrication  areas. 
Here  sputtering  is  used  routinely  for  the  deposition  of  films  and  the  etching  of  patterns 
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and  features  important  to  the  production  of  integrated  circuit  devices  as  well  as  device 
packaging. 

Dealing  with  such  a  widely  used  technique,  one  needs  to  ask  what  is  the  morphology 
of  the  film  sputtered  by  energetic  particles.  In  many  cases  sputtering  is  routinely  used  to 
smooth  a  surface.  On  the  other  hand,  other  investigations  indicate  that  sputtering  may  also 
roughen  the  surface.  To  have  a  better  control  over  this  important  experimental  tool,  we 
need  to  obtain  quantitative  answers  on  the  effect  of  the  sputtering  process  on  the  surface 
morphology. 

Motivated  by  the  advances  in  understanding  growth,  and  by  the  need  of  having  a  de¬ 
tailed  knowledge  on  the  morphology  of  the  sputter  eroded  surfaces,  recently  a  number  of 
experimental  studies  have  investigated  the  morphological  properties  of  surfaces  eroded  by 
ion  bombardment.  Briefly,  the  experimental  results  can  be  classified  in  two  main  classes. 
There  exists  ample  evidence  about  the  development  of  a  periodic  ripple  structure  in  sputter 
etched  surfaces  [9,  10,  11,  12,  13,  14].  However,  a  number  of  recent  investigations  have 
provided  rather  detailed  and  convincing  experimental  evidence,  that  under  certain  experi¬ 
mental  conditions  ion  eroded  surfaces  are  rough  and  self-affine,  and  the  roughness  follows 
the  predictions  of  various  scaling  theories  [15,  16,  17,  18].  Moreover,  these  investigations 
did  not  find  evidence  of  ripple  formation  on  the  surface! 

The  discrepancy  between  the  results  of  the  mentioned  investigations  motivated  us  to  have 
a  second  look  at  the  mechanisms  shaping  the  morphology  of  ion  eroded  surfaces  [19].  In  this 
paper  we  investigate  the  large  scale  properties  of  ion-sputtered  surfaces  aiming  to  understand 
in  an  unified  framework  the  various  dynamic  and  scaling  behaviors  of  the  experimentally 
observed  surfaces.  For  this  we  derive  a  stochastic  nonlinear  equation  that  describes  the  time 
evolution  of  the  surface  height.  The  coefficients  appearing  in  the  equation  are  functions  of 
the  physical  parameters  characterizing  the  sputtering  process.  We  find  that  transitions  may 
take  place  between  various  surface  morphologies  as  the  experimental  parameters  (e.g.  angle 
of  incidence,  penetration  depth)  are  varied.  Namely,  at  short  length-scales  the  equation 
describes  the  development  of  a  periodic  ripple  structure,  while  at  larger  length-scales  the 
surface  morphology  may  be  either  logarithmically  (a  =  0)  or  algebraically  (a  >  0)  rough. 
Usually  stochastic  equations  describing  growth  models  are  constructed  using  symmetry 
principles  and  conservation  laws.  In  contrast,  here  we  show  that  for  sputter  eroded  surfaces 
the  growth  equation  can  be  derived  directly  from  a  simple  model  of  the  elementary  processes 
taking  place  in  the  system. 


Scaling  theory 


Recently  there  has  been  much  interest  in  understanding  the  formation  and  roughening  of 
nonequilibrium  interfaces  [1,  2,  3,  4,  5].  A  common  feature  of  most  rough  interfaces  observed 
experimentally  or  in  discrete  models  is  that  their  roughening  follows  simple  scaling  laws. 
The  associated  scaling  exponents  can  be  obtained  using  numerical  simulations  or  stochastic 
evolution  equations.  The  morphology  and  dynamics  of  a  rough  surface  can  be  characterized 
with  the  interface  width,  defined  by  the  rms  fluctuation  in  the  height  h[x,y), 


w{L)  = 


^  X.V=1,L 


(1) 


where  L  is  the  linear  size  of  the_sample,  the  brackets  <  ...  >  denote  ensemble  average,  and 
the  mean  height  of  the  surface,  h,  is  defined  by 


h 


4  E 

^  x,v=l,L 


(2) 
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Instead  of  measuring  the  roughness  of  a  surface  over  the  whole  sample  size  L  X  L,  we  can 
choose  a  window  of  size  £  X  and  measure  w[l].  As  we  mentioned  above,  a  general  property 
of  many  rough  surfaces  is  that  the  roughness  depends  on  the  length  scale  of  observation. 
This  can  be  quantified  by  plotting  w{i)  as  a  function  of  L  There  are  two  characteristic 
regimes  one  can  distinguish. 

(i)  For  length  scales  smaller  than  £y_ ,  the  local  width  increases  as 

w{i)  =  At,  (3) 

where  a  is  the  roughness  exponent  and  A  is  a  proportionality  constant.  If  we  are  interested 
in  surface  phenomena  that  take  place  at  length  scales  shorter  than  then  we  cannot 
neglect  the  roughness  of  the  surface.  In  this  regime  the  roughness  is  not  simply  a  number, 
but  it  depends  on  the  length  scale  available  to  the  method  probing  the  surface. 

(ii)  For  i  »  £x)  wW  is  independent  of  i.  For  most  processes  that  take  place  at  length 
scales  larger  than  ix ,  the  surface  is  smooth,  i.e.  we  can  neglect  the  roughness.  In  this  regime 
we  can  characterize  the  surface  roughness  with  a  single  number,  namely  the  saturation  value 

In  general  reporting  a  number  iov  characterizing  the  surface  roughness,  as  it  is  frequently 
done,  is  a  misleading  and  unsatisfactory  procedure.  The  concept  of  roughness,  for  many 
applications,  has  to  be  replaced  with  the  length  scale  dependent  roughness,  requiring  the 
determination  of  the  full  w{£)  curve. 

Regarding  the  dynamics  of  the  roughening  process,  at  early  times  the  total  width  in¬ 
creases  a.sw{L,t)'^t^,  where  (3  is  the  growth  exponent.  Similarly,  we  can  define  the  dynamic 
exponent,  z,  using  £x  ~  The  dynamic  exponent  is  related  to  a  and  /?  by  the  relation 
z  =  afl3  [20]. 

Next  we  need  to  understand  what  determines  the  w{£)  curve.  Can  we  develop  models 
and  theories  that  can  provide/predict  A,  a,  P,  £x  and 

Studying  scaling  relations,  such  as  (3),  allows  us  to  define  universality  classes.  The 
universality  class  concept  is  a  product  of  modern  statistical  mechanics,  and  codifies  the 
fact  that  there  are  but  a  few  essential  factors  that  determine  the  exponents  characterizing 
the  scaling  behavior.  Thus  different  systems,  which  at  first  sight  may  appear  to  have  no 
connection  between  them,  behave  in  a  remarkably  similar  fashion.  For  example,  the  values 
of  the  exponents  a  and  jS  are  independent  of  many  “details”  of  the  system,  such  as  the 
details  of  the  crystal  lattice  or  the  implementation  of  the  model,  as  long  as  the  mechanism 
generating  the  roughening  does  not  change.  In  contrast,  other  quantities,  such  as  A,  £x,  or 
Wgat,  are  non-uni versal,  i.e.  they  depend  on  almost  every  detail  of  the  system. 

For  understanding  the  roughening  process,  we  need  to  develop  methods  to  predict  the 
value  of  the  scaling  exponents  a  and  /?.  A  breakthrough  in  this  direction  was  the  introduc¬ 
tion  of  the  Kardar-Parisi-Zhang  (KPZ)  equation  [21] 

^  +  X{Vhf  +  r,{x.y,i)  [KPZ].  (4) 

The  first  term  on  the  rhs  describes  the  relaxation  of  the  interface  due  to  the  surface  tension 
1/  and  the  second  is  a  generic  nonlinear  term  incorporating  lateral  growth.  The  noise, 
T)(x,y,t),  reflects  the  random  fluctuations  in  the  growth  process  and  is  an  uncorrelated 
random  number  that  has  zero  configurational  average.  For  one  dimensional  interfaces  the 
scaling  exponents  of  the  KPZ  equation  are  known  exactly,  as  a  =  1/2,  /?  =  1/3,  and 
z  =  3/2.  However,  for  higher  dimensions  they  are  known  only  from  numerical  simulations. 
For  the  physically  most  relevant  two  dimensional  interface  we  have  a  ~  0.38  and  ~  0.18 
[22,  23,  24,  25,  26]. 

If  A  =  0  in  (4),  the  remaining  equation  describes  the  equilibrium  fluctuations  of  an 
interface.  This  equation,  introduced  and  studied  in  the  context  of  interface  roughening  by 
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Edwards  and  Wilkinson  (EW)  [27],  can  be  solved  exactly  due  to  its  linear  character,  giving 
the  scaling  exponents  a  =  (2  —  d)/2  and  ^  =  (2  —  d)/4.  For  two  dimensional  interfaces  we 
have  a  =  /?  =  0,  leading  to  a  logarithmic  roughening  of  the  interface. 


Experimental  results 

The  morphology  of  surfaces  bombarded  by  energetic  ions  has  long  fascinated  the  experi¬ 
mental  community.  Lately,  with  the  development  of  high  resolution  observation  techniques, 
this  question  is  living  a  new  life.  The  various  experimental  investigations  can  be  classified 
in  two  main  classes.  First,  early  investigations  found  that  ion  bombarded  surfaces  develop 
a  ripple  morphology  with  a  rather  characteristic  wavelength  of  order  of  a  few  micrometers. 
These  observations  were  supported  by  recent  detailed  studies  on  the  ripple  morphologies 
observed  in  various  materials  and  bombarding  ions  [9,  10,  11,  12,  13,  14]. 

However,  a  number  of  research  groups  have  found  no  evidence  of  these  ripples,  but 
rather  observed  the  development  of  a  random  rough  surface,  that  they  characterized  using 
the  scaling  theories  discussed  in  the  previous  section  [15,  16,  17,  18].  In  the  following  we 
review  in  some  detail  these  experimental  observations. 

We  shall  focus  here  on  these  two  dominant  morphologies  (ripple  formation  and  kinetic 
roughening),  since  these  are  observed  in  the  sputtering  of  impurity  free,  amorphous  mate¬ 
rials.  Impurities  that  bind  strongly  to  the  surface  (and  thus  it  is  difficult  to  sputter  them) 
may  induce  other  dominant  morphological  features,  such  as  cones  or  abrupt  walls  [9].  These 
will  not  be  considered  in  this  paper.  Also,  we  limit  ourselves  to  sputtering  by  ion  bom¬ 
bardment,  in  which  the  ions  have  parallel  trajectories  and  the  same  velocity.  Thus  we  will 
not  consider  plasma  etching  (where  the  ions  have  a  broad  energy  distribution  and  random 
angles  of  incidence)  or  chemical  sputtering,  where  the  yield  is  influenced  by  the  chemical 
reactions  taking  place  on  the  surface. 


Ripple  formation 

Ripple  formation  on  ion-sputtered  surfaces  have  been  observed  by  many  groups  in  various 
systems  and  ion  beams  (for  a  review  see  [9]).  Here  we  discuss  a  few  recent  investigations 
that  characterized  in  great  detail  the  observed  ripple  morphologies. 

Evidence  for  the  ripple  structure  on  the  surfaces  of  Si02  and  Ge  has  been  provided 
in  a  series  of  studies  by  Chason  et  ai  [10,  11,  12,  13].  We  shall  discuss  here  the  results 
obtained  on  Si02  [11,  12].  A  low  energy  ion  beam  (Xe,  H  or  He),  with  energies  <  1  KeV  is 
directed  towards  a  Si02  sample  with  an  angle  of  incidence  of  55°  from  normal.  The  typical 
incoming  flux  is  10^^  cm”^s“^.  The  interfaces  are  analyzed  using  in  situ  energy  dispersive 
x-ray  reflectivity  and  ex  situ  atomic  force  microscopy  (AFM). 

Bombarding  the  surface  with  1  KeV  Xe  ions,  one  finds  that  the  interface  roughness, 
determined  from  X-ray  diffraction,  increases  linearly  with  the  fluence  (the  fluence  is  the 
number  of  incoming  atoms  per  surface  area,  and  plays  the  role  of  time  in  these  measure¬ 
ments).  Thus  /?  =  1,  too  large  a  value  to  be  interpretable  by  continuum  theories.  Such  a 
large  value  of  f3  indicates  the  existence  of  an  instability  in  the  system.  Indeed,  the  source 
of  the  instability  is  the  negative  surface  tension.  But  the  instability  should  be  balanced  by 
surface  diflfusion,  leading  to  the  appearance  of  the  ripple  structure.  Such  a  ripple  structure 
can  be  seen  if  one  inspects  the  AFM  pictures  of  the  interface.  A  similar  ripple  structure 
has  been  observed  for  Ge  surfaces  bombarded  by  Xe  atoms  [10]. 

Another  series  of  experiments  on  ripple  formation  were  reported  by  MacLaren  et  al. 
[14].  They  studied  InP  and  GaAs  bombardment  with  5  KeV  Ar"*",  17  KeV  Cs'*’  and  5.5 
KeV  Oj  beams  in  a  temperature  range  of  —50  to  200  °C.  Their  study  revealed  in  detail 
the  temperature  dependence  of  the  ripple  wavelength.  For  example  for  GaAs  bombarded 
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by  Cs'*’  ions  the  ripple  spacing  increased  from  zero  0.89  fim  to  2.0  /im,  as  the  temperature 
increased  from  0  °C  to  100  °C.  Probably  the  most  interesting  finding  of  their  study  was  that 
when  lowering  the  temperature,  the  ripple  spacing  (wavelength)  did  not  go  continuously  to 
zero,  as  one  would  expect,  since  the  diffusion  constant  decreases  exponentially  with  the 
inverse  temperature,  but  rather  at  around  20  °C  it  stabilized  at  an  approximately  constant 
value.  MacLaren  et  al.  interpreted  this  as  the  emergence  of  a  radiation  enhanced  diffusion, 
that  gives  a  constant  (temperature  independent)  contribution  to  the  diffusion  constant. 


Roughening 

Motivated  by  the  advances  in  understanding  growth,  recently  a  number  of  experimental 
studies  have  focused  on  the  scaling  properties  of  surfaces  eroded  by  ion  bombardment.  For 
graphite  bombarded  with  5  KeV  Ar  ions,  Eklund  et  al.  [15,  16]  reported  a  ~  0.2  —  0.4, 
and  z  ~  1.6  —  1.8,  values  consistent  with  the  predictions  of  the  Kardar-Parisi-Zhang  (KPZ) 
equation  in  2-f  1  dimensions  [21,  22,  23,  24,  25,  26].  In  these  experiments  pyrolytic  graphite 
was  bombarded  by  5  KeV  Ar  ions,  which  arrived  with  an  angle  of  incidence  of  60°.  The 
experiments  were  carried  out  for  two  flux  values,  6.9  X  10^^  and  3.5  X  lO^'*  ions/cm^,  and 
the  total  fluences  obtained  were  10^®,  10^'^  and  10^®.  The  etched  graphite  was  examined 
using  STM.  We  observe  that  large  scale  features  develop  with  continuous  bombardment,  the 
interface  becoming  highly  correlated  and  rough.  The  scaling  properties  can  be  probed  using 
the  Fourier  transform  of  the  height-height  correlation  function  indicating  a  scaling  region 
for  large  q,  and  saturation  for  small  q  values  (corresponding  to  large  length  scales).  The 
results  indicate  a  dynamic  exponent  z  in  the  range  1.6-1. 8,  and  a  roughness  exponent  in 
the  range  0.2-0. 4.  The  exponents  are  consistent  with  the  predictions  of  the  KPZ  equation 
for  the  strong  coupling  regime. 

A  somewhat  larger  roughness  exponent  has  been  measured  for  samples  of  iron  bom¬ 
barded  with  5  KeV  Ar  arriving  with  angle  of  incidence  of  25°.  The  interface  morphology 
was  observed  using  STM,  and  the  height-height  correlation  function  results  in  a  roughness 
exponent  a  =  0.53  ±  0.02  [17].  The  mechanism  leading  to  such  a  roughness  exponent  is 
not  yet  understood  in  terms  of  the  continuum  theories,  since  for  two  dimensions  the  growth 
equations  predict  0.38,  2/3  and  1,  all  values  far  from  the  observed  value. 

Recently  Si(lll)  sputtered  by  0.5  KeV  Ar"*"  ions  was  observed  to  roughen  following  an 
anomalous  dynamic  scaling  form  w{t,£)  ~  Zn(t)£^“,  with  a  ~  1.15  ±  0.08  [18]. 


Continuum  theory 

Sigmund’s  theory  of  sputtering 

In  order  to  calculate  the  sputtering  yield,  and  predict  the  surface  morphology,  we  first  need 
to  understand  the  mechanism  of  sputtering,  resulting  from  the  interaction  of  the  incident 
ion  and  the  surface  layer.  The  incoming  ions  penetrate  the  surface  and  transfer  their 
kinetic  energy  to  the  atoms  of  the  substrate  by  inducing  cascades  of  collisions  among  the 
substrate  atoms,  or  through  other  processes  such  as  electronic  excitations.  Whereas  most 
of  the  sputtered  atoms  are  located  at  the  surface,  the  scattering  events  that  might  lead  to 
sputtering  take  place  within  a  certain  layer  of  average  depth  a. 

A  qualitative  picture  is  as  follows.  An  incoming  atom  undergoes  a  series  of  collisions  in 
the  target,  and  atoms  that  recoil  with  sufficient  energy  undergo  secondary  collisions,  thereby 
generating  another  generation  of  recoiling  atoms.  A  vast  majority  of  atoms  will  not  gain 
enough  energy  to  leave  their  lattice  position  permanently.  However,  some  are  permanently 
removed  from  their  sites,  locally  making  the  substrate  amorphous.  The  atoms  that  are 
near  the  surface  and  gain  enough  energy  to  break  their  bonds  and  leave  the  surface  will  be 
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Figure  1:  Reference  frames  for  the  computation  of  the  erosion  velocity  at  point  0.  Inset: 
Following  a  straigh  trajectory  (solid  line)  the  ion  penetrates  an  average  distance  a  inside 
the  solid  (dotted  line)  after  which  it  completely  spreads  out  its  kinetic  energy.  The  dotted 
curves  are  equal  energy  contours.  Energy  released  at  point  P  contributes  to  erosion  at  0. 


sputtered.  Usually  the  number  of  sputtered  atoms  is  orders  of  magnitudes  smaller  than  the 
total  number  of  atoms  participating  in  the  collision  cascade. 

A  rather  successful  theory  was  introduced  by  Sigmund  to  describe  the  experimentally 
observed  sputtering  yields  [29,  30].  His  treatment  considers  the  energy  transfer  from  the 
incoming  ion  to  the  atoms  of  an  isotropic  solid  by  writing  down  a  Boltzmann  transport 
equation  for  the  atoms.  Expanding  this  equation  in  form  of  Legendre  polynomials,  he 
obtains  a  solution  using  the  method  of  moments. 

One  of  the  most  important  result  of  his  analysis  is  that  for  low  energies  the  damage  and 
energy  distribution  generated  by  the  incoming  ion  follows  a  Gaussian.  Thus  here,  following 
[29,  30,  31],  we  consider  that  the  average  energy  deposited  at  point  0  due  to  the  ion  arriving 
at  P  follows  the  Gaussian  distribution 


E{r')  ^ 


{2Try^^afj.‘ 


exp 


z 


2/.2  / 


(5) 


In  (5)  z'  is  the  distance  measured  along  the  ion  trajectory,  and  x',  y'  are  measured  in  the 
plane  perpendicular  to  it  (see  Fig.  1;  for  simplicity  in  the  figure  x'  has  been  set  to  0);  e 
denotes  the  total  energy  carried  by  the  ion  and  a  and  /i  are  the  widths  of  the  distribution 
in  directions  parallel  and  perpendicular  to  the  incoming  beam,  respectively.  However,  the 
sample  is  subject  to  an  uniform  flux  J  of  bombarding  ions.  A  large  number  of  ions  penetrate 
the  solid  at  different  points  simultaneously  and  the  velocity  of  erosion  at  0  depends  on  the 
total  power  £o  contributed  by  all  the  ions  deposited  within  the  range  of  the  distribution  (5). 
If  we  ignore  shadowing  effects  among  neighboring  points,  as  well  as  further  redeposition  of 
the  eroded  material,  the  normal  velocity  of  erosion  at  0  is  given  by 


V  =  p  f  dr  $(r)  E{r),  (6) 

Jn 

where  the  integral  is  taken  over  the  region  TZ  of  all  the  points  at  which  the  deposited  energy 
contributes  to  Eq,  ^(»’)  is  a  local  correction  to  the  uniform  flux  J  and  p  is  a  proportionality 
constant  between  power  deposition  and  rate  of  erosion.  In  the  following  we  outline  the  basic 
steps  in  the  calculation  of  u;  further  details  can  be  found  in  Refs.  [19,  31,  28]. 


Continuum  equation  for  the  surface  height 

In  this  section,  we  derive  an  equation  of  motion  for  the  surface  height  from  the  physical 
model  of  ion-sputter  erosion  discussed  in  the  previous  section.  Since  we  are  mainly  inter¬ 
ested  in  the  physically  relevant  case  of  a  two  dimensional  substrate  and  the  one  dimensional 
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case  to  linear  order  is  very  clearly  explained  in  the  work  by  Bradley  and  Harper  [31],  we 
refer  the  reader  to  that  reference,  and  focus  here  in  the  more  general  2d  case. 

In  the  following  we  summarize  the  steps  in  the  derivation  of  the  equation  of  motion. 

(i)  First  we  calculate  the  normal  component  of  the  velocity  of  erosion  vq  at  a  generic 
point  0  of  the  interface.  This  calculation  is  most  easily  performed  in  a  local  frame  of 
reference  (X,  Y,  Z)  defined  as  follows:  the  Z  axis  is  identified  with  the  normal  direction  to 
the  average  surface  orientation  at  0.  Now  forms  a  plane  with  the  trajectory  of  an  ion 
penetrating  the  surface  at  0.  We  choose  the  X  axis  to  lie  in  that  plane.  Finally,  Y  is  the 
remaining  direction  which  completes  the  local  reference  frame,  see  Fig.  1. 

(ii)  Next  we  relate  the  quantities  measured  in  coordinates  of  the  local  frame  to  coordi¬ 
nates  in  the  laboratory  frame  (a;,j/,/i).  The  latter  is  defined  by  the  experimental  configu¬ 
ration.  That  is,  h  is  the  direction  normal  to  the  uneroded  flat  surface.  The  ion  trajectories 
together  with  the  h  axis  define  a  plane,  which  is  taken  to  be  the  x  —  h  plane.  And  finally 
the  y  axis  completes  a  right-handed  reference  frame,  see  Fig.  1.  However,  <^,  which  is  the 
angle  between  the  ion  trajectory  and  the  local  normal  to  the  surface,  changes  from  point  to 
point  along  the  surface,  and  is  a  function  of  the  local  values  of  the  slopes  at  0  (as  seen  in 
the  laboratory  frame),  as  well  as  of  the  fixed  angle  6  subtended  by  the  ion  trajectories  and 
the  normal  to  the  uneroded  surface  (the  h  direction  in  Fig.  1). 

(iii)  Finally,  to  obtain  the  equation  of  motion  for  the  surface  profile  function  /i.(®,i/,t), 
we  will  have  to  project  the  normal  component  of  the  velocity  of  erosion  onto  the  global  h 
axis. 

In  the  absence  of  overhangs  the  surface  can  be  described  by  a  single  valued  height 
function  /i(s,y,  t),  measured  from  an  initial  flat  configuration  which  is  taken  to  lie  in  the 
(x,T/)  plane.  The  ion  beam  is  parallel  to  the  x-h  plane  forming  an  angle  0  <  0  <  7r/2  with 
the  z  axis.  The  time  evolution  of  h  is  given  by 

~  Rx,  Ry)^l  +  [Vh)\  (7) 

where  93  is  the  angle  of  the  beam  direction  with  the  local  normal  to  the  surface  at  h{x,y). 
Now  93  is  a  function  of  the  angle  of  incidence  $  and  the  values  of  the  local  slopes  dxh  and 
dyhy  and  can  be  expanded  in  powers  of  the  latter.  We  will  assume  that  the  surface  varies 
smoothly  enough  so  that  products  of  derivatives  of  h  can  be  neglected  for  third  or  higher 
orders. 

At  this  stage  additional  relevant  physical  processes  must  be  taken  into  account  to  de¬ 
scribe  the  evolution  of  the  surface.  First,  the  bombarding  ions  reach  the  surface  at  random 
positions  and  times.  We  account  for  the  stochastic  arrival  of  ions  by  adding  to  (7)  a  Gaus¬ 
sian  white  noise  T][x,y,t)  with  zero  mean  and  variance  proportional  to  the  flux  J.  Second, 
at  finite  temperature  atoms  diffuse  on  the  surface  [10,  15,  16].  To  include  this  surface  self¬ 
diffusion  we  allow  for  a  term  —KV^{S/^h)  [32,  33,  34,  35,  36],  where  AT  is  a  temperature 
dependent  positive  coefficient.  Expanding  (7)  and  adding  the  noise  and  the  surface-diffusion 
terms  we  obtain  the  equation  of  motion  [37] 


dt 


(8) 


From  (7)  we  can  compute  the  expressions  for  the  coefficients  appearing  in  (8)  in  terms  of 
the  physical  parameters  characterizing  the  sputtering  process.  To  simplify  the  discussion 
we  restrict  ourselves  to  the  symmetric  case  a  =  fi.  The  general  case  is  discussed  in  [19].  If 
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we  write  F  =  (eJp/\/^)  exp(— aJ/2),  s  =  sin^,  c  =  cos  ^  and  =  aja,  we  find  for  the 
coefficients  in  (8) 

Vo  =  — c  ,  7  =  — 5(ajc^  -  1), 

(7  <7 

=  ^c{al{33^ -c^)-ayc^}, 

A„  =  -^c{ay},  (9) 

i^x  =  yOx{2a*-c^-oj3*c^}, 

F 

I'y  =  --2  “<''="• 

Analysis  of  the  obtained  growth  equations 

Consistent  with  the  direction  of  the  bombarding  beam  and  the  choice  of  coordinates,  the 
terms  in  (8)  are  symmetric  under  y  — >■  —y  but  not  under  x  —x,  while  for  ^  ^  0  we  get 
7  =  ^2.  =  =  0,  A*  =  Ay  and  Ux  =  i/y.  The  equation  studied  in  Ref.  [31]  corresponds  to  the 

deterministic  linear  version  of  (8),  i.  e.  A*  =  Ay  =  7/  =  0. 

If  Ux  and  i/y  are  positive,  the  surface  diffusion  term  is  expected  to  contribute  negligible 
to  the  relevant  surface  relaxation  mechanism  when  we  probe  the  system  at  increasingly 
large  length  scales.  Scaling  properties  are  then  described  by  the  anisotropic  KPZ  equation 
(AKPZ),  which  predicts  two  possible  behaviors  depending  on  the  relative  signs  of  the  co¬ 
efficients  Ax  and  Ay  [38,  39].  If  A^Ay  >  0,  then  a  =  0.38  and  z  =  1.6,  the  surface  width 
w{L^t)  increases  algebraically,  being  characterized  by  the  exponents  of  the  KPZ  equation 
in  2+1  dimensions  [22,  23,  24,  25,  26].  For  A^Ay  <  0,  the  nonlinear  terms  A*  and  Ay  become 
irrelevant,  and  the  width  grows  only  logarithmically,  i.e.  a  =  0. 

In  our  case  Ux  can  change  sign  as  6  and  are  varied,  while  i/y  is  always  negative.  The 
negative  i/  causes  an  instability,  whose  origin  is  the  faster  erosion  for  the  bottom  of  a  trough 
than  for  the  peak  of  a  crest,  as  predicted  by  (6)  (see  also  Fig.  3  of  Ref.  [31]).  An  instability 
due  to  a  negative  surface  tension  is  also  known  to  take  place  in  the  Kuramoto-Sivashinsky 
(KS)  equation  [40],  which  is  the  noiseless  and  isotropic  version  of  (8).  It  has  been  argued 
for  the  KS  equation  that  in  1+1  dimensions  u  renormalizes  to  a  positive  value  [41],  and  the 
large  length  scale  behavior  is  described  by  the  KPZ  equation.  In  2+1  dimensions  it  is  not 
completely  settled  whether  the  large  distance  behaviors  of  KS  and  KPZ  fall  in  the  same 
universality  class,  different  approaches  leading  to  conflicting  results  [42]. 

In  contrast  to  the  KS  equation,  Eq.  (8)  is  anisotropic,  and  explicitly  contains  a  noise 
term.  The  competition  between  surface  tension  and  surface  diffusion  generates  a  charac¬ 
teristic  length  scale  in  the  system,  4  =  j  where  u  is  the  largest  in  absolute  value 

of  the  negative  surface  tension  coefficients.  Below  we  discuss  a  possible  scenario  for  the 
scaling  behavior  predicted  by  (8)  based  primarily  on  the  results  available  in  the  literature 
for  some  of  its  limits.  The  complete  scaling  picture  should  be  provided  by  either  a  DRG 
analysis  capable  of  coping  with  the  linear  instabilities  present  in  the  system,  or  a  numerical 
integration  of  (8). 

The  scaling  behavior  depends  on  the  relative  signs  of  Vy,  Xx  and  Ay  [43].  The 
variations  of  these  coefficients  as  functions  of  Oo-  and  6  lead  to  the  phase  diagram  shown  in 
Fig.  2. 

Regions  I  and  II —  For  small  9  both  Ux  and  Uy  are  negative.  As  discussed  by  Bradley  and 
Harper  [31]  and  experimentally  studied  by  Chason  et  al.  [10],  a  periodic  structure  dominates 
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the  surface  morphology,  with  ripples  oriented  along  the  direction  {x  or  y)  which  presents 
the  largest  absolute  value  for  its  surface  tension  coefficient.  The  observed  wavelength  of  the 
ripples  is  Ac  =  2'K\/21c. 


Figure  2:  Phase  diagram  for  the  isotropic  case®a  —  y,  —  \.  Region  I:  i/*  <  0,  t'y  <  0,  Aj,  <  0, 
Ay  <  0;  Region  II:  i/g,  <  0,  i/y  <  0,  Aa,  >  0,  Ay  <  0;  Region  III;  i/*  >  0,  i^y  <  0,  A*  >  0, 
Ay  <  0.  Here  a  is  measured  in  arbitrary  units  and  9  is  measured  in  degrees. 


The  large  length  scale  behavior  £'^  expected  to  be  different.  Now  both  nonlineari¬ 
ties  and  the  noise  may  become  relevant.  The  scaling  properties  of  the  surface  morphologies 
predicted  by  (8)  are  unknown.  A  possible  scenario  is  that  the  u's  renormalize  to  positive 
values,  as  they  do  for  the  KS  equation  in  1  -}- 1  dimensions,  and  the  large  scale  scaling  prop¬ 
erties  of  the  system  are  described  by  the  AKPZ  equation.  Then  one  would  observe  algebraic 
scaling  in  region  I,  where  both  nonlinearities  have  the  same  (negative)  sign,  whereas  scaling 
would  become  logarithmic  through  an  AKPZ-like  mechanism  in  region  II,  where  A*  and 
Ay  have  opposite  signs.  Actually,  the  asymptotic  KPZ  scaling  has  been  recently  shown  to 
occur  for  the  ^  =  0  limit  of  Eqs.  (8)  and  (9)  by  a  renormalisation  group  analysis  [44]. 

Region  III  —  This  region  is  characterized  by  a  positive  and  a  negative  Uy.  Now  the 
periodic  structure  associated  with  the  instability  is  directed  along  the  y  direction  and  is  the 
dominant  morphology  at  scales  I  Ic-  Again,  such  an  anisotropic  and  linearly  unstable 
equation  is  unexplored  in  the  context  of  growth  equations.  Assuming  that  Uy  renormalizes 
to  a  positive  value,  and  that  the  AKPZ  mechanism  operates,  one  would  expect  logarithmic 
scaling  in  region  III,  since  the  nonlinear  terms  have  opposite  signs. 

Even  though  several  aspects  of  the  scaling  behavior  predicted  by  (8)  and  (9)  remain  to  be 
clarified,  we  believe  that  these  equations  contain  the  relevant  ingredients  for  understanding 
roughening  by  ion  bombardment  [45].  To  summarize,  at  short  length  scales  the  morphology 
consists  of  a  periodic  structure  oriented  along  the  direction  determined  by  the  largest  in 
absolute  value  of  the  negative  surface  tension  coefficients  [10].  Modifying  the  values  of  a^-  or 
6  changes  the  orientation  of  the  ripples  [9,  31].  At  large  length  scales  we  expect  two  different 
scaling  regimes.  One  is  characterized  by  the  KPZ  exponents,  which  might  be  observed  in 
region  /  in  Fig.  2.  Indeed,  the  values  of  the  exponents  reported  by  Eklund  et  al  [15,  16] 
are  consistent  within  the  experimental  errors  with  the  KPZ  exponents  in  2-|-l  dimensions. 
The  other  regions  {II  and  III)  are  characterized  by  logarithmic  scaling  (a  =  0),  which  has 
not  been  observed  experimentally  so  far.  Moreover,  by  tuning  the  values  of  $  and/or  a^.  one 
may  induce  transitions  among  the  different  scaling  behaviors.  For  example,  fixing  and 
increasing  the  value  of  6  would  lead  from  KPZ  scaling  (region  I)  to  logarithmic  scaling  {II, 
III)  for  large  enough  angles. 

Recent  numerical  results  on  the  two  dimensional  anisotropic  KS  equation  indicate  that 
the  scaling  regimes  II  and  III  in  the  noiseless  limit  of  our  model  is  dominated  by  exponen¬ 
tially  growing  solutions  of  the  KS  equation  [46].  In  those  regions  the  ripple  structure  is 
oriented  along  a  direction  which  is  neither  the  x  nor  y.  Further  numerical  simulations  are 
needed  to  understand  the  effect  of  the  noise  on  the  stability  of  the  exponential  solutions. 
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Insight  into  the  expected  morphologies  are  obtained  from  numerical  simulation  of  discrete 
models,  correctly  capturing  the  basic  mechanisms  taking  place  during  sputtering.  Recent 
simulations  on  discrete  models  indicate  that  the  noisy  KS  equation  indeed  describes  the 
dynamics  of  the  sputtering  generated  roughening  [47].  Also,  now  that  we  have  a  rather 
detailed  experimental  and  theoretical  understanding  of  the  morphologies  generated  by  ion 
sputtering,  we  can  start  investigating  the  effect  of  the  roughness  and  in  general  that  of  the 
surface  morphology  on  various  experimentally  relevant  quantities,  such  as  the  sputtering 
yield.  Most  theoretical  results  on  the  yield  were  obtained  assuming  smooth  surfaces.  How¬ 
ever,  preliminary  results  indicate  that  the  roughness  has  a  nontrivial  effect  on  the  yield  [48], 
that  can  be  calculated  using  the  formalism  discussed  in  the  present  paper. 

The  experimental  verification  of  the  above  possibilities  would  constitute  an  important 
step  to  elucidate  the  interplay  between  the  mechanisms  leading  to  the  different  morphologies 
and  dynamics  for  sputter-etched  surfaces.  It  will  also  provide  additional  insight  into  the 
scaling  behaviors  to  be  expected  from  equation  (8). 
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Topological  disorder  places  constraints  on  the  local  flow 
of  currents  in  granular  thin  films  of  metals  and  semiconduc¬ 
tors.  These  constraints  in  turn  influence  measurable  transport 
properties  such  cis  conductance  and  conductance  fluctuations 
for  these  films.  We  quantify  disorder  in  the  disposition  of 
grains  within  real  and  simulated  thin  films  by  applying  meth¬ 
ods  originally  developed  studying  foam  evolution.  For  sim¬ 
ulated  Voronoi  resistor  networks  the  overall  conductance  of 
a  film  with  a  given  grain  density  achieves  a  minimum  value 
for  an  intermediate  degree  of  disorder.  Films  of  equal  con¬ 
ductances  on  either  side  of  this  minimum  can  have  strikingly 
diflFerent  current  distributions.  Short  range  inhomogeneities 
in  the  size  and  placement  of  grains  lead  to  large  scale  con¬ 
ductivity  inhomogeneities  in  disordered  films.  This  renders 
the  disordered  films  more  susceptible  to  1//  noise  for  sys¬ 
tems  with  nonlinear  intergrain  coupling  due  to  factors  such 
as  hydrogen  diffusion.  We  discuss  the  results  of  simulations  of 
such  systems  in  the  context  of  transport  and  scanning  probe 
microscopy  measurements  on  a-Si:H  thin  films. 


The  widespread  phenomenon  of  1//  noise  occurring 
in  transport  measurements  in  many  different  materials 
has  intrigued  theorists  and  experimentalists  alike  over  the 
past  forty  years.  Within  the  past  fifteen  years,  reviews 
on  1//  noise  have  appeared  describing  the  multitudinous 
manifestations  of  this  phenomenon  for  the  disparate  sys¬ 
tems  where  it  has  been  observed  [1,2].  1//  noise  refers 
to  the  situation  when  the  power  spectral  density  Sv{f) 
{5/(/))  of  voltage  (current)  fluctuations  varies  according 
to  the  relation  S{f)  oc  where  0.9  <  a  <  1.4.  Sv{f) 
is  the  Fourier  transform  of  the  voltage-voltage  autocor¬ 
relation  function  C’v'(t)  [Ij: 


svif)=4  r 

Jo 


Cv(0  cos{2Ttt)dt, 


Cv(t)  =  (K(e)V(o))  -  {Vf. 


Besides  the  commonly  observed  Iff  spectrum  from 
standard  Gaussian  noise  processes,  sometimes  Lorentzian 
features  with  characteristic  corner  frequencies  appear  in 
the  spectrum  due  to  a  particular  form  of  correlated  noise 
originating  in  two-level  systems  [1,2] .  The  action  of  two- 
level  fluctuators  can  be  manifested  in  a  peculiar  form  of 
noise  resembling  a  telegraph  switching  signal,  and  ther¬ 
mally  activated  telegraph  signals  not  explainable  by  a 
simple  charge  trapping  mechanism  have  been  observed 
in  several  disparate  disordered  systems  at  low  tempera¬ 
tures  (3,4).  More  recently,  random  telegraph  signal  noise 


appearing  at  and  above  room  temperature  has  been  ob¬ 
served  in  coplanar  conductance  measurements  on  a-Si:H 
[5-7].  In  these  systems,  charge  trapping  was  ruled  out  as 
a  cause  of  the  noise  due  to  the  number  of  electrons  that 
would  have  to  act  in  concert  for  the  conductance  fluctu¬ 
ations  6G  to  be  on  the  order  of  one  percent  of  the  d.c. 
conductance.  Previous  transverse  conductance  measure¬ 
ments  on  a-Si:H  devices  had  also  manifested  telegraph 
noise  which  was  attributed  to  charge  trapping  which  in 
turn  affected  current  microchannels  flowing  through  the 
device  [8,9]. 

A  significant  number  of  systems  where  1//  noise  is 
observed  are  structurally  disordered  [2].  We  choose  the 
hydrogenated  amorphous  silicon  system  (a-Si:H)  as  a  rep¬ 
resentative  experimental  system  with  which  to  compare 
our  simulation  due  to  the  presence  of  significant  noise 
phenomena  at  room  temperature  and  in  coplanar  sample 
geometry  conducive  to  local  probe  measurements  [5,6]. 
An  example  of  telegraph  noise  from  a  two  probe  copla¬ 
nar  transport  measurement  of  an  n-type  a-Si:H  sample 
(doping  concentration  2  x  10~®[PH3]/[SiH4]  with  unan¬ 
nealed  resistance  of  2  MO,  sample  current  l/zA,  distance 
between  electrodes  0.5  mm,  channel  width  1  cm,  and 
thickness  1  //m  at  T  =  SOOAT)  is  shown  in  Fig.  1.  An  ex¬ 
ample  of  telegraph  noise  observed  in  the  n-type  sample 
measured  in  our  lab  is  shown  in  Fig.  1. 


Time  (milliseconds) 

FIG.  1.  Random  telegraph  signal  in  the  measured  sample 
at  \p.\  applied  current. 

We  propose  a  model  based  on  the  analysis  of  the 
static  and  dynamical  behavior  in  a  topologically  disor¬ 
dered  Voronoi  resistor  network  to  explain  the  suscepti¬ 
bility  of  disordered  granular  thin  films  to  1//  and  ran¬ 
dom  telegraph  switching  noise.  Previous  models  have 
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demonstrated  how  conducting  materials  at  the  percola¬ 
tion  threshold  can  manifest  1//  noise  behavior  by  moving 
a  select  number  of  resistor  bonds  as  time  evolves  [7,10]. 
Here  we  integrate  the  flipping  conductance  bond  behav¬ 
ior  into  a  fully  interconnected  resistance  network  where 
the  connectivity  and  magnitudes  of  the  individual  resis¬ 
tors  are  determined  by  the  topology  of  the  material. 

A  two-dimensional  disordered  Voronoi  resistor  network 
is  a  good  way  to  model  conduction  in  granular  thin  films 
because  it  provides  an  exact  analog  for  grain  growth  from 
nucleation  sites.  Since  we  are  interested  in  the  correla¬ 
tion  between  the  complex  local  microstructure  and  the 
global  transport  properties  of  granular  thin  films,  it  is 
important  to  investigate  a  system  in  which  the  degree  of 
disorder  is  controllable  and  isotropic.  The  relationship 
between  the  global  conductance  and  topological  disorder 
in  disordered  Voronoi  networks  has  been  studied  previ¬ 
ously  for  the  d.c.  case  [11].  In  this  investigation  we  have 
furthered  these  results  by  defining  an  order  parameter 
which  allows  direct  comparison  of  results  of  visualization 
experiments  with  the  model  and  by  exploring  the  effects 
of  nonlinear  coupling  as  the  system  is  stepped  forward  in 
time. 

Conductance  fluctuations  originating  in  the  topology 
of  a  Voronoi  resistor  network  may  occur  by  either  in¬ 
trinsic  or  extrinsic  mechanisms.  Intrinsic  conductance 
fluctuations  are  those  which  may  arise  from  nonlinear 
intergrain  couplings,  such  as  Schottky  barriers,  interfa¬ 
cial  capacitances,  and  carrier  traps.  Many  instances  of 
telegraph  switching  noise  observed  in  semiconductors  has 
been  found  to  be  attributable  to  the  lattermost  situation 
[2,12].  Extrinsic  mechanisms  are  those  which  have  ori¬ 
gins  independent  of  the  sample  topology  but  which  may 
act  to  influence  local  transport  as  a  result  of  the  sample 
structure.  The  most  common  instance  of  this  in  met¬ 
als  and  semimetals  is  defect  motion  within  the  bulk  of 
the  sample  [2],  and  in  particular,  hydrogen  diffusion  has 
been  observed  to  contribute  to  low  frequency  fluctuations 
in  metal  films  of  Nb  [13],  Pd  [14],  and  a-PdSi  [15].  Addi¬ 
tionally,  hydrogen  diffusion  in  a-Si:H  has  been  observed 
to  alter  the  defect  structure  in  sample  films  and  thereby 
alter  their  electrical  conductivities  [16].  Since  defect  mo¬ 
tion  as  a  source  of  1  //  noise  appears  to  be  a  fairly  general 
phenomenon  and  the  cases  involving  hydrogen  in  particu¬ 
lar  are  well  documented,  with  a-Si:H  being  readily  acces¬ 
sible  for  exploratory  experimental  work,  we  choose  this 
extrinsic  factor  to  motivate  our  dynamical  simulation. 

Our  method  of  generating  disordered  Voronoi  networks 
to  selected  degrees  of  disorder  and  solving  the  Kirchhoff 
current  node  equations  was  similar  to  that  described  in 
the  initial  work  of  Priolo  et  al  [11].  Each  disordered 
network  was  generated  as  a  regular  triangular  lattice  of 
approximately  5000  seed  points  inside  a  square  of  side 
length  66  lattice  spacings  whose  nearest  neighbor  dis¬ 
tance  was  set  to  d  =  1.  These  dimensions  were  cho¬ 
sen  as  a  compromise  between  convergence  of  the  solu¬ 
tions  and  computational  manageability.  Disorder  was 
introduced  by  displacing  each  point  (x,  y)  by  a  ran¬ 


dom  vector  (Ax  e  [—6/2, 6/2],  Ay  G  [—6/2, 6/2]),  where 
0.1  <  5  <  9.99  lattice  spacings  for  the  data  presented 
here.  A  Voronoi  tessellation  was  performed  on  the  result¬ 
ing  array  of  points,  yielding  a  network  of  conductances 
g  equal  to  the  cell  side  lengths  with  connectivity  accord¬ 
ing  to  the  Delaunay  triangulation  of  the  seed  points.  One 
side  of  the  square  of  conductances  was  set  to  a  dimension¬ 
less  potential  of  1  with  the  opposing  edge  at  ground.  The 
sparse  conductance  matrix  equations  were  then  solved  to 
obtain  the  potentials  in  each  of  the  cells  within  the  sam¬ 
ple.  From  this  the  global  conductance  G  was  also  calcu¬ 
lated  and  normalized  by  the  conductance  across  one  of 
the  cell  interfaces  in  the  regular  network,  =  0.57735. 


X 

FIG.  2.  Simulation  cell  side  length  A  distribution  for 
^  =  0.83  with  calculated  probability  distribution  P{\)  over¬ 
plotted  as  described  in  the  text. 


Defining  a  “disorder’’  parameter  was  crucial  in  order  to 
be  able  to  compare  experimental  and  computational  re¬ 
sults  appropriately.  A  study  of  the  body  of  literature  on 
two-dimensional  cellular  networks  and  their  geometrical 
properties  yielded  just  such  a  parameter  to  characterize 
our  systems.  In  a  paper  investigating  a  method  to  gen¬ 
erate  realistic  two-dimensional  froths,  Le  Caer  and  Ho 
[17]  noted  that  the  distribution  of  cell  side  lengths  in 
a  random  Voronoi  network  was  accurately  described  by 
the  probability  density  p(A)  of  the  absolute  value  A  of  a 
Gaussian  variable  of  mean  m  and  variance  given  by 
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The  first  two  moments  of  p(A)  are  given  by 
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where  erf  is  the  error  function.  The  quantities  (A)  and 
(A^)  are  obtained  from  simple  statistics  of  all  cell  side 
lengths  in  a  Voronoi  realization,  and  then  the  nonlinear 
system  of  equations  (1)  and  (2)  is  solved  to  obtain  m 
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and  a.  We  then  choose  as  our  disorder  parameter  the 
quotient  ^  =  a/m^  which  measures  the  spread  of  the  dis¬ 
tribution  of  cell  side  lengths  (conductances)  relative  to 
the  mean.  ^  therefore  increases  as  disorder  increases  and 
the  cell  side  lengths  become  uncorrelated.  The  proba¬ 
bility  distribution  P{A)  results  from  the  integration  of 
p(A)  over  the  bin  width  for  the  experimental  distribu¬ 
tion,  P(A)  =  /^.'‘■''“■°^p(A)dA.  The  quality  of  the  fit  of 
P(A)  thus  calculated,  using  no  free  parameters,  compared 
to  the  measured  distribution  for  a  single  realization  of  a 
Voronoi  network  in  the  random  limit  is  evident  in  Fig.  2. 

With  a  disorder  parameter  established,  global  conduc¬ 
tances  for  systems  with  0  <  ^  <  0.8  were  calculated, 
echoing  the  nonmonotonic  change  in  the  d.c.  network 
conductance  as  disorder  was  increased  found  in  the  ear¬ 
lier  Priolo  study  [11].  This  result,  plotted  against  the 
new  order  parameter,  is  shown  in  Fig.  3. 


Disorder  parameter  4 

FIG.  3.  Global  conductance  plotted  against  disorder  pa¬ 
rameter  4-  All  conductances  are  normalized  by  the  single 
grain  boundary  conductance  in  the  regular  triangular  network 
g£,  =  0.57735.  The  dashed  line  indicates  two  global  conduc¬ 
tances  of  equal  value  (filled  circles)  at  very  different  levels  of 
disorder. 

As  in  the  calculations  of  Priolo  et  al  [11],  we  observe  a 
conductance  minimum  at  an  intermediate  value  4  ~  0.6, 
and  although  films  may  have  equal  global  conductances 
at  very  different  levels  of  disorder  as  the  dashed  line  in¬ 
dicates,  we  will  show  that  the  loccil  properties  diverge 
greatly. 

We  have  initiated  a  study  of  the  influence  of  extrinsic 
factors  in  creating  noise  through  spatial  correlations  of 
local  currents.  For  the  regular  triangular  network  and 
seven  other  values  of  4  (50  realizations  each)  up  through 
the  random  case  the  system  of  Kirchhoff  equations  was 
solved  and  the  approximately  15,000  individual  bond  cur¬ 
rents  were  then  calculated  and  ordered  in  magnitude. 
The  bond  carrying  the  most  current  was  then  removed, 
creating  a  local  open  circuit,  and  the  new  system  of  net¬ 
work  equations  was  solved  again  to  determine  the  new 
global  conductance.  The  conductance  dropped  by  over 
0.15%  in  the  random  case.  The  results  are  plotted  with 


error  bars  indicating  the  standard  deviation  in  the  spread 
of  results  over  the  50  realizations  at  each  4  in  Fig.  4.  Note 
that  the  values  for  6G/G  would  be  comparable  to  those 
seen  in  Fig.  1  if  scaled  for  the  experimental  sample’s  areal 
aspect  ratio. 


bond,  carrying  /  =  Imax- 

The  microscopic  effect  of  breaking  the  “most  impor¬ 
tant”  current  bond  at  each  value  of  disorder  can  also  be 
calculated.  The  absolute  value  of  the  difference  in  cur¬ 
rent  \Iinitiai  -  !finai\  at  each  bond  both  before  the  bond 
carrying  the  greatest  current  was  broken  and  after  was 
taken  for  all  bonds  in  the  network  and  normalized  by 
the  absolute  value  of  the  initial  bond  current,  yielding 
I A  J| /I /initial  I-  This  quantity  was  then  binned  up  as  a 
function  of  radial  distance  from  the  site  of  the  broken 
bond  and  averaged.  This  operation  was  performed  for 


Bond  lengths  from  broken  bond,  r 

FIG.  5.  The  effect  on  local  bond  currents  of  breaking  the 
“most  important”  bond,  showing  significant  fluctuations  ex¬ 
tending  to  fax  distances  in  the  two  most  disordered  topologies 
shown. 

all  network  realizations  at  each  4  in  which  the  broken 
bond  was  a  minimum  of  10  lattice  spacings  away  from 
all  sides  of  the  network  boundaries  to  avoid  current  con¬ 
striction  effects.  The  values  averaged  over  all  relevant 
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realizations  for  ^  =  0  and  four  other  values  of  disorder 
are  depicted  in  Fig.  5.  It  is  notable  that  in  the  most  dis¬ 
ordered  systems,  breaking  the  strongest  bond  influences 
local  currents  by  at  least  1%  up  to  twenty  bond  lengths 
away.  This  suggests  that  a  locally  fluctuating  cellular  re¬ 
gion  in  a  disordered  granular  thin  film  could  be  observed 
via  a  visualization  technique,  as  its  influence  is  felt  over  a 
region  over  two  orders  of  magnitude  larger  than  the  area 
of  the  fluctuator  itself. 

Finally,  as  the  microscopic  current  redistributions 
drawn  in  Fig.  5  were  all  observed  to  have  the  same 
exponential  functional  dependence  as  a  function  of  ra¬ 
dius,  a  scaling  law  linking  the  microscopic  current  change 
lA/l/j/iniiiaij  to  ^  became  apparent.  We  propose  that 
lA/|/!/.„nia/|  =  fiOgir)  =  Since  g{r)  has  the 

same  radieJ  dependence  for  all  disorder,  then  normaliz¬ 
ing  by  ^(0,r),  representing  the  maximally  ordered  case, 
would  yield 


^(^.0  _/(!)  =  f(n 


This  parameter  then  represents  the  relative  magnitude 
of  the  influence  of  the  broken  bond  upon  its  local  bonds, 
t.e.,  the  most  disordered  case  changes  local  currents  an 
average  of  30  times  as  much  as  in  the  triangular  network. 
This  evolution  is  plotted  in  Fig.  6. 


FIG.  6.  There  is  a  distinct  transition  in  the  magnitude  of 
the  local  current  changes  at  ^  =  0.47.  The  large  error  bars 
represent  the  fluctuations  in  the  magnitude  of  the  scaling  fac¬ 
tor  as  r  varies  in  the  most  disordered  cases. 

In  conclusion,  we  have  discovered  a  disorder  parameter 
which  predicts  both  steady  states  and  dynamical  prop¬ 
erties  based  strictly  on  the  topology  of  a  cellular  net¬ 
work.  Both  in  the  experimental  literature  and  in  our  phe¬ 
nomenological  investigation  thus  far  it  has  been  demon¬ 
strated  that  topological  disorder  is  essential  in  creating 
an  environment  favorable  to  the  occurrence  of  significant 
conductance  fluctuations.  Our  model  is  not  specific  to  a 
particular  material  and  does  not  rely  upon  the  existence 
of  a  percolation  threshold  for  fluctuations  to  be  observed. 


although  it  can  make  percolation  models  more  plausible  if 
the  critical  fluctuating  cells  embedded  in  our  system  were 
shown  to  be  percolative  on  a  more  microscopic  scale  than 
that  of  our  study.  Finally,  the  more  disordered  a  granu¬ 
lar  thin  film  is,  the  greater  the  magnitude  of  the  change 
in  local  currents  surrounding  a  fluctuating  current  bond: 
this  implies  that  such  currents  could  be  observed  with 
a  local  probe  in  a  visualization  experiment  implement¬ 
ing  a  scanning  probe  microscope.  These  results  motivate 
planned  investigation  into  local  noise  in  coplanar  a-Si:H 
films  as  well  as  further  theoretical  work  into  the  depen¬ 
dence  of  1//  noise  on  spatial  current  correlations. 
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ABSTRACT 

We  investigate  far-from-equilibrium  dynamics  of  a  polydisperse  ensemble  of  vesicles 
(  such  as  liposomes).  For  that  purpose,  we  construct  of  a  Smoluchowsky-type  transport 
equation  incorporating  vesicle  diifusion  and  the  processes  of  vesicle  fusions  and  fissions. 
This  approach  is  used  to  study  the  time  evolution  of  an  initially  monodisperse  vesicle 
ensemble  and  its  important  quantities  such  as  the  internal  aqueous,  encapsulated  volume. 
We  find  three  stages  of  the  evolution:  (i)  an  early  stage  during  which  EV  remains  nearly 
constant,  followed  by  (ii)  a  stage  with  a  rapid  decay  of  the  EV,  and,  finally  (iii)  a  late 
stage  in  which  the  ensemble  approaches  the  thermodynamic  equilibrium.  In  the  far-from- 
equilibrium  stages  (i)  and  (ii),  the  vesicle  ensemble  is  a  “two-fiuid”  system  composed  of 
a  polydisperse  fluid  of  small,  nearly  equilibrated  vesicles,  coexisting  with  a  fluid  of  nearly 
monodisperse  vesicles  which  size  evolves  due  to  evaporation-recondensation  of  the  small 
vesicles.  Our  picture  agrees  with  experimental  data  on  the  EV  of  lecithin  liposomes. 

INTRODUCTION 

In  recent  years  significant  attention  has  been  devoted  to  the  equilibrium  statistical 
mechanics  of  fluid  membranes  [1],  and  their  phases  [2]-[8].  Many  of  real  life  phenomena  in¬ 
volving  membranes  are  non-equilibrium  in  nature.  Technologically  important  example  are 
liposomes.  [9]-[ll]  They  are  vesicles  formed  by  bilayers  contaninig  amphiphilic  substances 
like  phospholipids  dispersed  in  water.  Liposomes  are  potential  vehicles  for  transporting 
therapeutic  and  diagnostic  agents  from  the  site  of  administration  to  the  specific  targets 
within  the  body.  To  be  effective,  the  liposomes  must  not  only  reach  the  appropriate  tissue 
but  must  also  release  their  content  at  the  desired  time. 

Vesicles  such  as  liposomes  have  a  size  distribution  that  is  determined  both  by  the 
method  of  preparation  and  by  the  lipid  composition.  During  storage,  fusion  or  fission  of 
vesicles  can  occur  [12]  with  subsequent  changes  in  size  and  internal  aqueus  volume  called 
“encapsulated  volume”  (EV).  It  is  thus  important  to  learn  about  stability  of  vesicles 
during  storage  in  order  to  be  able  to  understand  their  potential  for  use  as  a  carrier  over 
an  extended  period  of  time. 

As  the  first  step  in  this  direction,  here  we  construct  a  Smoluchowsky-type  transport 
equation  incorporating  vesicle  diffusion  and  the  processes  of  vesicle  fusions  and  fissions.  It 
can  be  used  to  investigcite  far- from- equilibrium  dynamics  of  a  dilute  polydisperse  ensemble 
of  vesicles  such  as  liposomes.  We  use  this  approach  to  study  the  time  evolution  of  an 
initially  monodisperse  vesicle  ensemble  and  its  important  quantities  such  as  the  EV. 

TRANSPORT  EQUATION  FOR  POLYDISPERSE  VESICLES 

A  dilute  nonequilibrium  polydisperse  ensemble  of  nearly  spherical  vesicles  can  be 
described  by  a  vesicle  density  /?(A,  x,  t),  such  that  p{A,  x,  i)dASx  is  the  number  of  vesicles 
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of  the  area  A  —  in  the  interval  (A,  A  +  dA)  contained  in  a  volume  element  d^x.  A 
vesicle  of  area  A  is  free  to  diffuse  and  undergo  fusions  with  other  vesicles  or  to  split  into 
smaller  vesicles.  Thus,  the  vesicle  ensemble  is  a  diffusion-reaction  system  where  reactions 
are  vesicle  fusion  and  fission  processes  (see  Figure  1)  preserving  total  area  of  vesicles  (i.e., 
total  amount  of  the  membrane  material).  Thus,  the  time  evolution  of  p(A,x,/)  can  be 
described  by  a  Smoluchowsky-type  transport  equation  (STE)  of  the  form 

d 

^p(A,  X,  i)  =  D(  A)  Ax/9(  A,  X,  t)  +  Ra+RbARc  +  Rd,  (1) 

where  the  first  term  is  ordinary  diffusion  with  the  size  dependent  diffusion  constant 
D{A)  =  k^T fQ'Kr]{A/^TTyf'^  ^  according  to  the  Einstein-Stokes  law,  with  rj,  the  viscos¬ 
ity  of  the  solvent.  Ra  to  in  (1)  are  reaction  rates  associated  with  the  reactions  in  the 
Figure  (1)  [  fusions  (a)  and  (b),  and  fissions  (c)  and  (d)]. 


(a)  (b) 


If  p(A,  x,t)  is  slowly  varying  in  space,  these  rates  can  be  generally  written  in  the  form 


Ra  =  ~2  f  dAi  r(Ai,A)  /?(Ai,x,^)  p(A,x,t), 

Jo 

{2a) 

/.A 

Rb^  r(Ai,A- Ai) /)(Ai,x,f) /?(A- Ai,x,f), 

Jo 

(26) 

Rc-^j  dAi  n(Ai, A)  p(A  +  Ai,x,t), 

(2c) 

Rd  =  -f  dAi  n(Ai,A  -  Ai) /9(A,x,i), 

^0 

{2d) 

Reaction  kernels  T  and  11  in  Eqs.  (2)  are  related  by  the  detailled  balance  between  fusions 
in  Fig.  1  (a)  and  fissions  in  (c)  [  fusions  in  (b)  and  fissions  in  (d)]  in  the  thermodynamic 
equilibrium.  This  gives  the  condition 


n(Ai,  A2) 


Peqj-^l  )  Ptq{A2) 

Ptq{A\  -f  A2) 


r(Ai,A2), 


(3) 
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where  Peq{A)  is  the  equilibrium  density.  For  example,  for  the  entropically  stabilized 
vesicles  [5]  [6] 


Peq 


C 


^5/2 


(7^) 


^l^^-AlAr 


(4) 


with  Amin,  the  minimum  area  of  a  vesicle;  C  =  {K/kBT)‘^exp{-E(,(Amin)/kBT),  with 
the  mebrane  bending  rigidity,  and  Ef,(Amin)  the  curvature  energy  of  the  smallest  vesicles 
(  with  the  area=  Amax  in  (4)  is,  effectively,  the  area  of  the  largest  vesicles  present 

in  the  system.  It  is  determined  by  the  total  amount  of  the  membrane  material,  i.e,  total 
membrane  area  Atot  present  in  the  system 


/ 


Atot  =  I  dA  p{x^A). 


(5) 


Vesicle  fusions  and  fissions  processes  included  in  our  STE  (1)  preserve  Atot  and  drive  the 
density  /?(x,  A,  f)  towards  the  equilibrium  density  (4)  at  long  times.  We  remark  that  the 
actual  value  of  Amax  in  (4)  does  not  explicitely  enter  the  STE  (1)  [see  Eqs.  (3)  and  (4)] 
To  close  our  theory,  we  now  derive  the  form  of  the  reaction  kernel  V  in  Eqs.  (2). 
To  this  end,  consider  the  process  in  Figure  1(a),  represented  by  the  rate  in  Eq.(2a). 
The  quantity  V{Ai^  A)p(Ai)dAi  is  the  inverse  of  the  average  time  t{Ai,A)  it  takes  for  a 
vesicle  of  the  area  A  to  encounter  with  vesicles  with  areas  in  the  interval  (Ai,Ai  +  dAi) 
and  fuse  with  one  of  them.  Let  us  first  estimate  the  number  of  these  encounters  N{t) 
during  the  time  interval  t.  During  an  encounter,  the  vesicles  are  as  close  as  i?  +  = 

(v^  +  ■\/Aa)/(47r)^/^.  Thus,  N{t)  =  V{t)p{Ai)dAi,  where  V{t)  is  the  volume  swept  in 
space  by  a  sphere  of  the  radius  i?  +  Hi  diffusing  with  the  diffusion  constant  D(A,  Ai )  = 
D{A)  +  D(yli)(= “relative”  diffusion  constant  for  the  diffusion  of  Ai  in  the  reference 
frame  co-moving  with  A).  The  volume  V{t)  can  be  estimated  as  V{t)  «  (47r/3)(H  + 
where  ti  =  (H  +  Hi)^/2D(A,^i)(=the  time  it  takes  for  the  sphere  to  diffuse 
over  the  distance  equal  to  its  radius).  Thus,  N{t)  ^  {R  +  Ri)D{A,Ai)  t  p{Ai)dAi 
is  the  number  of  the  encounters  of  the  vesicle  of  area  A  with  vesicles  with  areas  in 
the  interval  (Ai^Ai  +  dAi).  If  pfus  is  the  probability  that  an  encounter  between  the 
vesicles  leads  to  a  fusion,  the  average  time  t{Ai ,  A)  it  takes  for  a  fussion  to  occur  satisfies 
pfusN{t{Ai,A))  ^  1.  By  using  this,  and  r{Ai,  A)p{Ai)dAi  =  l/t(Ai,A),  we  find  that 
r(Ai,  A)  ^  pfu3{D(Ai)  +  D{A)){Ri  +  R).  By  using  here  the  Einstein-Stokes  form  for 
D{A),  we  find 


A)  ^  pf^s 


kBT 


1/2 


(6) 


This  equation  completes  our  transport  theory,  Eqs.  (1)  to  (6). 


DECAY  OF  AN  INITIALLY  MONODISPERSE  ENSEMBLE 


Here  we  discuss  decay  of  a  spatially  uniform,  initially  monodisperse  ensemble  of 
vesicles.  Let  no  be  the  density  of  these  vesicles  all  initially,  at  t  =  0,  having  the  same 
area  A(0).  Thus  p(A,x,  f  =  0)  =  no^(A  ~  A(0)).  The  STE  (1)  will  drive  p  to  an 
equilibrium  distribution  of  the  form  (4)  with  Amax  determined  by  the  conservation  of  Atot, 
Eq.(5).  This  conservation  law  gives  Amax  through  the  equation  noA(O)  =  J  dA  peq{A)  = 
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c aUIx ! yielding  Amax  -  A(0)(no/n*)®/^  with  n*  =  ^(^(O))  In  the 

following,  we  consider  the  dilute  limit  no  <  n*.  Then  ^(0)  >  A^ax  and  the  vesicle 
ensemble  is  initially  far  from  equilibrium.  These  initially  large  monodisperse  vesicles 
will  decay  dominantly  through  fissions  (  “evaporations”)  producing  small  vesicles  with 
sizes  <  Amax-  Thus,  the  vesicle  ensemble  becomes  a  “two-fluid”  system  composed  of  a 
polydisperse  fluid  of  small,  nearly  equilibrated  vesicles,  coexisting  with  a  fluid  of  nearly 
monodisperse  vesicles  which  size  evolves  due  to  evaporation-recondensation  of  the  small 
vesicles.  p{A^t)  corresponding  to  this  picture  is  sketched  in  Figure  2(a): 


EV(t)/EV(0) 


Figure  2:  (a)  Far-from-equilibrium  form  of  p(A,t). 

(b)  Evolution  of  the  encapsulated  volume:  EV(t)  /  EV(0)  versus  t  / 


There  is  a  delta-like  peak  around  some  A{t)  Amax,  corresponding  to  tne  large  vesicles, 
and  another  peak  around  A  =  0,  corresponding  to  the  small  vesicles.  These  small  vesicles 
get  quickly  equilibrated.  Their  number  is,  however,  increasing  with  time  due  to  their 
evaporations  from  the  large  vesicles  (  this  will  drive  the  delta-peak  in  Fig  2(a)  towards 
A=0).  Thus,  one  may  write  the  form  of  the  small  vesicles  peak  in  Fig.  2(a)  in  a  form 
similar  to  the  Eq.  (4),  p{A,t)  =  po{A,t),  with 


/>o(A,t) 


C 

^5/2 


A 

Amin 


(7) 


where  Amax{i)  is  growing  from  zero,  at  i  =  0  to  its  equilibrium  value  Amax  at  a  long 
time  scale  when  the  two  peaks  in  Fig.  2(a)  merge  to  form  a  single  peak  corresponding  to 
(4).This  time  scale  is  calculated  below  (see  Eq.  12). 

Before  this  actually  happens,  there  is  a  long  evolution  during  which  the  position  of 
the  delta-peak  (A(<))  in  Fig.  2(a)  approaches  Amax-  Due  to  the  condition  A{t)  >  Amax{t) 
satisfied  during  this  evolution,  it  turns  out  that  our  Smoluchowsky  equation  (l)and  (2) 
can  be  transformed  into  a  Fokker-Planck  equation.  Indeed,  for  A  rsj  A(f)  ^  Aniax(f)  (!•€•? 
arround  the  delta-peak)  one  can  expand  the  integrands  in  (2)  in  powers  of  Ai  ~  Amax^t)- 
Thus,  to  the  leading  order,  we  find  the  Fokker-Planck  equation: 


(8) 


with  a  diffusion  constant  I>(A)  =  C'A^/^(Amar(0)^^^?  and  a  “drift”  velocity  Vd  ~ 
-C'A'l'^(A^.S)f'^-,  here  C  =  C h-  For  A  »  the  drift  term 
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in  (8)  dominates  over  the  diffusion  term.  Thus,  we  find  a  simple  equation  for  the  position 
of  the  delta-peak  in  Fig.  2(a)  , 


^  =  =  (9) 

The  total  membrane  area  Afot^  Eq-  (5),  contained  in  the  large  vesicles  (A  ^  A(t))  and 
the  small  vesicles  (  with  the  density  given  by  (7))  is  conserved.  Thus 


rio.4(0)  =  noA(t)  +  f  dA  A  p,{A,t)  =  noA{i)  +  , 

J  Atit 


(10) 


Eqs.  (9)  and  (10)  can  be  used  to  extract  the  evolution  of  the  A{t).  To  this  end,  we 
introduce  the  dimensionless  quantity  uj{t)  =  |V(f(f)|/(A0)^/^.  Then,  by  (9)  and  (10), 

A{t)  =  A(0)(1  —  u){t)y  and 


with 

and 


(11) 

(12) 

EV{t)  ^  EV{0){1 

(13) 

where  C"  =  /C’aI^-^  ,  and  EV{t)  is  the  encapsulated  volume  fraction  inside  the  the 

large  vesicles,  EV{t)  =  (47r/3)(A(t))^/^no.  It  is  easy  to  numerically  solve  (11)  and  find 
that  ij  grows  from  zero  to  one  at  f  «  1.35rjec-  During  this  time  EV{t)/EV{0)  drops  from 
one  to  zero,  see  Figure  2(b).  Experimental  data  on  the  EV  of  lecithin  liposomes  [13]- [16] 
strikingly  ressemble  our  Figure  2(b)  which  indicates  the  presence  of  three  stages  of  the 
evolution:  (i)  an  early  stage  during  which  EV  remains  nearly  constant  {t  <  0.1rdec)i 
followed  by  (ii)  a  stage  with  a  rapid  decay  of  the  EV  to  nearly  zero  {t  <  1.35rdec),  and, 
finally,  (iii)  a  late  stage  in  which  the  ensemble  approaches  the  thermodynamic  equilibrium 
and  the  EV  is  essentially  zero,  (i)  and  (ii)  are  far-from-equilibrium  stages  during  which 
large  vesicles  evolve  from  their  initial  size  A(0)  to  the  equilbrium  size  ~  Amax- 
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PITTING  CORROSION  IN  TWO-DIMENSIONAL  ALUMINIUM  THIN  LAYERS 


L.  BALAZS*’  **,  J-F.  GOUYET  * 

*Laboratoire  de  Physique  de  la  Matiere  Condensee,  Ecole  Polytechnique,  91128  Palaiseau,  France 
**KFKI-Institute  for  Atomic  Energy  Research,  P.  O.  B.  49,  H — 1525  Budapest,  Hungary 

We  have  investigated  the  influence  of  CP  and  Fe^'*’  ions  on  the  morphology  of  pits  grown  in 
aluminium  thin  films,  under  open  circuit  conditions.  We  observed  various  morphologies  ranging 
from  percolation-cluster-like  patterns  to  dense  holes  with  smooth  perimeters.  The  experimental 
behavior  has  been  appropriately  simulated  by  a  spreading  percolation  model  with  feed-back.  This 
model  reproduced  all  the  morphologies  observed  and  sustains  the  mechanisms  proposed. 

INTRODUCTION 

Localized  corrosion  plays  a  very  important  role  in  industry.  Pitting  corrosion  itself 
represents  among  20%  of  the  cases  of  corrosion  of  metal  structures  and  is  then  of  immense 
practical  importance  [1].  It  is  characteristic  for  metals  {e.g.  stainless  steel,  aluminium,  nickel, 
chromium,  titanium,  etc.)  possessing  a  thin  protective  oxide  film  which  prevents  the  strong 
chemical  reaction  between  the  metal  and  a  solution  of  certain  anionic  species.  Electrode 
scratching  experiments  [2-4]  revealed  that  following  oxide  breakdown,  violent  reaction  occurs 
between  the  bare  metal  and  water  leading  to  the  formation  of  a  hydroxide  layer  on  the  metal 
surface.  This  layer  impedes  the  dissolution  of  the  metal,  on  the  other  hand  in  a  subsequent 
chemical  reaction  it  may  be  transformed  to  oxide  [2]  and  in  a  few  tenths  of  seconds  the  protective 
layer  will  be  completely  repaired  [5]. 

The  presence  of  aggressive  anions  is  not  a  sufficient  condition:  actually,  for  all  metals,  it 
exists  a  lower  limit  of  concentration  in  aggressive  ions  below  which  the  pitting  corrosion  cannot 
develop:  pitting  corrosion  is  a  threshold  phenomena.  Pit  growth  usually  starts  on  chemical 
impurities,  inclusions,  or  in  the  case  of  extremely  pure  metals,  physical  defects  and  dislocations. 
Once  the  pit  growth  has  been  started  the  composition  of  the  electrolyte  changes  locally  due  to  the 
metal  dissolution.  As  a  consequence,  due  to  the  hydrolysis  of  metal  ions  the  aggressiveness  of  the 
medium  increases  close  to  the  dissolution  site  leading  to  the  acceleration  of  the  corrosion  process 
[6].  Pit  propagation  is  controlled  by  the  relative  rate  of  metal  dissolution  and  of  ion  transport  in 
the  liquid  phase.  On  the  other  hand,  if  the  concentration  of  aggressive  anions  decreases 
significantly  in  the  vicinity  of  a  dissolution  site  the  bare  metal  surface  becomes  prone  to  oxidation 
which  also  inhibits  the  growth.  The  case  of  stable  pit  growth,  when  corrosion  lasts  indefinitely  in 
time,  needs  a  delicate  b^alance  between  the  metal  dissolution  and  the  ion  transport  towards  and 
away  from  the  active  surface. 

Corrosion  studies  usually  consists  in  the  determination  of  functional  dependency  between 
the  corrosion  rate  (current  density  of  the  metal  dissolution)  and  the  parameters  pertinent  to  the 
corrosion.  Beside  the  measurement  of  anodic  current,  accurate  determination  of  the  active  pit 
surface  would  be  necessary  to  calculate  current  densities.  Most  of  the  investigations  in  this  field 
makes  the  assumption  that  hemispherical  pits  are  etched  in  the  metal  surface.  This  is  the  case  only 
for  corrosion  under  very  aggressive  conditions.  In  the  case  of  less  aggressiveness,  corrosion  pits 
are  usually  rougher  and  pit  profiles  are  irregular  over  a  broad  length  scale  and  cannot  be 
characterized  with  a  single  radius  [7].  Fractal  geometry  proved  to  be  useful  to  describe 
irregularities  of  pit  walls  and  to  support  the  comparison  with  simplified  models. 

To  describe  the  morphological  aspect  of  pitting  corrosion,  several  two-dimensional 
statistical  models  have  been  developed.  Nagatani  [8,  9]  proposed  an  oversimplified  anti-DLA 
model  in  which  irregular  profiles  of  corrosion  pits  are  explained  merely  by  the  diffusion  limited 
nature  of  metal  degradation.  Meakin  et.  al  [10]  assumed,  that  corrosion  is  a  result  of  a  diffusion 
limited  reaction  between  mobile  corrosive  chemical  species  and  the  bare,  unprotected  metal 
surface.  By  tuning  rate  constants  of  passivation  and  depassivation  reactions,  they  were  able  to 
reproduce  smooth  and  rough  pit  shapes.  Reigada  et.  al  [11]  proposed  a  model  based  on  the  idea 
that  microscopic  crystallographic  tunnels  [12]  are  randomly  nucleated  on  the  pit  wall,  which 
quickly  penetrate  the  metal.  The  occurrence  and  size  of  tunnels  is  a  function  of  local  chloride 
concentration  and  of  the  potential.  Under  mild  conditions  the  pit  profile  becomes  rough.  With 
increasing  aggressiveness  smooth,  hemispherical  pits  are  formed. 
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To  develop  and  test  more  elaborated  models  precise  data  on  pit  morphology  is  needed. 
Proper  characterization  of  three-dimensional  holes  etched  into  a  metal  surface,  however,  requires 
enormous  experimental  and  numerical  effort  [13].  Therefore  it  would  be  useful  to  compare  the 
results  of  2D  model  calculations  with  experiments  on  two-dimensional  pitting  [14-17].  Frankel  et. 
al  studied  under  constant  electrode  potential,  the  corrosion  of  A1  [14]  and  Permalloy  [15]  films. 
They  observed  extremely  convoluted  pits  in  the  case  of  aluminium  at  low  potentials,  whereas  at 
high  potentials,  le.  under  aggressive  conditions,  circular  pits  with  smooth  walls  developed.  The 
most  striking  feature  of  pitting  in  aluminium  films  is  the  evolution  of  hydrogen  gas  from  the 
active  metal  surface  which  evidently  affects  passivation  processes  and  pit  morphology.  Pits  grown 
in  Permalloy  behaved  similarly,  but  low-potential  pits  were  significantly  less  ramified  than  pits 
grown  in  aluminium  layers.  This  observation  highlights  the  effect  of  bubbling  induced  convection 
on  pit  morphology,  which  was  absent  in  Permalloy  corrosion. 

An  interesting  approach  is  to  make  experiments  under  open  circuit  conditions.  Open  circuit 
conditions  mimic  the  natural  circumstances  of  the  corrosion  process.  In  contrast  to  potentiostatic 
experiments  a  rich  variety  of  pit  morphologies  can  be  observed  in  this  case  for  aluminium  fijm 
corrosion  [16].  Pits  can  be  initiated  with  the  addition  of  some  kind  of  oxidizing  agent  {e.g.  Fe^  ) 
to  the  Cr  containing  corrosive  medium.  Preliminary  experiments  have  shown  that  pit  morphology 
is  influenced  by  several  factors,  e.g.  electrolyte  composition,  stirring  rate  of  the  sdution,  layer 
thickness  etc.  One  of  the  objectives  of  this  work  was  to  determine  how  Cl  and  Fe  ions  affect 
pit  shapes.  More  detailed  results  can  be  found  in  [18]  where  the  noise  behavior  is  also  discussed. 
We  shall  essentially  present  here  the  main  features  of  the  experimental  morphologies  and  their 
comparison  with  the  simulation  model. 

EXPERIMENT 

Aluminium  thin  layers  of  thickness  of  50  nm  were  deposited  by  vacuum  evaporation  onto  glass 
discs  of  5  cm  in  diameter.  The  concentration  of  chloride  and  iron  ions  in  the  electrolyte  were 
varied  All  the  experiments  were  performed  under  open  circuit  conditions  in  stagnant  electrolyte. 
Microscopic  images  of  growing  pits  were  taken  by  a  video  camera  attached  to  a  microscope. 
Pictures  were  digitized  into  a  512  x  512  pixel  images.  Schematic  drawing  of  the  experimental 
arrangement  is  shown  in  Fig.  1. 


RESULTS 


As  expected  we  observe  that  above  a  certain  threshold  of  electrolyte  composition  pits  nucleate 
spontaneously  on  the  metal  surface.  Pits  quickly  penetrate  the  metal  film,  and  as  soon  as  they 
reach  the  glass  bottom  a  two-dimensional  hole  with  walls  perpendicular  to  the  substrate  starts  to 
grow.  The  pit  contour  becomes  ramified,  peninsulas  of  aluminium  are  created  which  are 


Figure  1.  Schematic  drawing  of 
the  experimental  arrangement.  The 
saturated  calomel  electrode  (SCE) 
provides  the  reference  for  the 
measurement  of  the  free  corrosion 
potential,  (j).  The  aluminium 
surface  is  covered  with  Al  2  O3 
except  the  active  sites  on  the  pit 
perimeter.  Increase  of 
aggressiveness  in  the  electrolyte 
above  the  active  sites  is  indicated 
by  dotted  clouds. 
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transformed  to  islands  as  the  dissolution  front  evolves.  The  first  remarkable  point  is  that  islands, 
once  formed,  remain  intact  throughout  the  corrosion  process.  Further  degradation  of  isolated 
islands  can  be  obser  ved  only  at  high  (>10  mM)  Fe^^  concentration.  So  as  to  control  perfectly  the 
growth  behavior,  all  the  images  discussed  below  are  the  results  of  single  pit  growth.  As  it  is 
shown  in  Fig.  2  patterns  grown  at  various  CT  and  Fe^'*'  concentrations  can  be  classified  into  four 
main  categories: 


Fig.2.  Characteristic  pit 
morphologies  observed  at 
various  Cl-  and  Fe3+ 
concentrations. 

a)  10  mM  C1-,  0.2  mM 
Fe3+; 

b)  1  mM  Cl-  10  mM 
Fe3+; 

c)  1  M  Cl-  0.5  mM  Fe3+  ; 

d)  100  mM  C1-,  5  mM 
Fe3+. 


I _ _ _ 

[CI-] 

sl)  Fractal-like  patterns  (Fig  2(a)} 

At  low  Cr  and  Fe^"^  content  (10  mM  Cl",  0.2  mM  Fe^^)  patterns  similar  to  percolation  clusters  in 
the  vicinity  of  the  percolation  threshold  are  etched  into  the  layer.  Pit  evolution  terminates 
spontaneously  and  the  final  shape  of  the  pattern  has  been  analyzed.  The  density-density 
correlation  function  determined  for  the  connected  cluster  of  black  pixels  formed  by  digitalizing  a 
pit  exhibits  scaling  over  two  orders  of  magnitude  with  an  exponent  of  1.91+0.01,  the  value  close 
to  1.89,  the  fractal  dimension  of  percolation  clusters  at  pc  in  agreement  with  the  suggestion  of 
Sapoval  et  al.  for  an  invasion-like  corrosion  pattern  in  the  plane  [19]. 
b^  Homogeneous,  round  patterns  (Fig.  2(b)) 

In  the  case  of  low  Cl  and  high  Fe^  +  concentration  (1  mM  Cl  ,  10  mM  Fe3+)  round  holes 
containing  uniformly  distributed  small  islands  are  formed.  These  patterns  are  similar  to  a  growing 
infinite  percolation  cluster  with  p  »pc,  where  p  is  the  concentration  of  cluster  sites,  i.e.  the 
dissolved  region,  and  pc  the  percolation  threshold. 

c)  Dense  br^ches  (Fig.  2(c)) 

With  increasing  Cl”  concentration  the  perimeter  of  the  patterns  becomes  smoother.  At  high  Cl 
content  (>  100  mM  Cl"),  long  (==100  mm)  contiguous  dissolution  fronts  are  formed  etching  broad 
channels  into  the  aluminium  film. 

d)  Mixed  morphology  (Fig.  2(dD 

At  medium  Cl”  and  Fe3+  concentration  (100  mM  Cl  ,  5  mM  Fe3+)  the  dissolution  process  starts 
like  in  the  case  of  dense  structures  but  sooner  or  later  the  long  dissolution  front  becomes 
convoluted  at  certain  places  and  small  individual  growth  regions  propagate  further . 

To  summarize,  we  observe  the  existence  of  two  mains  structures:  percolation  like 
structures  with  p  <  pc  (Fig.  2(a))  or  p^pc  (Fig.  2(b)),  and  dense  structures  (Fig.  2(c));  coexistence 
of  these  two  structures  is  also  observed  (Fig.  2(d)). 

The  fact  that  at  high  Cl”  and  at  relatively  low  Fe3+  concentration  broad  channels  are 
developed  and  dissolution  takes  place  only  at  the  tip  of  these  branches,  suggests  that  the  active 
surface  area  becomes  restricted  and  that  the  growth  perimeter  length  attains  a  steady-state.  To 
verify  this  assumption  directly  we  have  measured  the  time  evolution  of  a  single  pit  grown  in  the 
metallic  film:  pit  bottom  area  increases  linearly  with  time,  i.e.  the  dissolution  current  is  constant 
on  the  time  scale  of  the  experiment. 


283 


DISCUSSION 

To  interpret  the  above  results  we  must  take  into  account  at  least  two  processes  which  we  expect 
influence  pit  morphologies:  a)  At  the  dissolution  sites  hydrogen  gas  bubbling  can  be  observed. 
This  leads  to  the  dilution  of  the  liquid  in  the  vicinity  of  the  active  metal  surface.  This  dilution  may 
if  significant  cause  the  passivation  of  the  metal  surface. 

b)  The  other  factor  to  be  considered  is  the  consequence  of  open  circuit  conditions.  The  anodic 
current  corresponding  to  the  dissolution  of  aluminium  must  be  compensated  by  cathodic 
processes.  The  anodic  current  density  might  attain  a  high  limiting  value  controlled  by  transport  in 
the  liquid  phase  [9,  14].  The  cathodic  current  is  limited  by  the  number  of  cations  reduced  on  the 
whole  oxide  layer  (Fig.  1).  This  limiting  current  is  believed  to  be  proportional  to  the  size  of  the 
inactive,  oxidized  surface  and  the  concentration  of  Fe3+  ions.  As  time  elapses  the  anodic  area  and 
consequently  the  corrosion  current  steadily  increases,  it  must  be  compensated  by  cathodic 
processes.  Depending  on  the  experimental  parameters,  this  may  limit  the  anodic  current  and 
consequently  the  size  of  active  area  since  the  anodic  current  density  can  be  regarded  as  constant. 
Once  this  limit  is  reached  the  growth  of  the  pattern  area  must  continue  linearly  in  time,  as  it  is 
experimentally  observed. 


GROWTH  MODEL 


Coupled  lattices  (C-S'i  for  the  simulation  the  electrolyte-metal  interaction:  The  above  remarks, 
suggest  to  simulate  the  system  by  two  lattices:  the  sample  surface  (S)  representing  the  metallic 
film  where  the  growth  takes  place,  and  the  adjacent  electrolyte  layer  (C)  representing  the  part  of 
the  electrolyte  directly  in  contact  with  the  metal.  The  rest  of  the  electrolyte  constitutes  a  reservoir 
with  a  fixed  ion  concentration  with  which  the  (C)  lattice  exchanges  ions  (by  diffusion  and 
convection). 

Simulations  were  carried  out  on  two  512  x  512  square  lattices,  representing  the  sample 
surface  S  and  the  adjacent  electrolyte  layer  C,  respectively.  A  site  on  S,  identified  by  coordinates 
(ij),  can  be  empty,  occupied  and  active,  standing  for  microscopic  areas  of  intact  rnetal  layer,  sites 
from  which  aluminium  has  already  been  dissolved  and  sites  at  which  dissolution  is  taking  place, 
respectively  (see  Fig.  3).  In  the  beginning  of  the  simulation  all  the  sites  on  S  are  einpty  except  an 
active  seed  placed  in  the  middle  of  the  array.  At  each  step  the  nearest  empty  neighbors  of  the 
active  sites,  called  candidates,  are  updated.  The  state  of  other  empty  sites  will  not  be  changed.  The 
previous  active  sites  are  occupied  by  the  growing  pattern  at  each  step.  If  the  local  aggressiveness 
of  the  electrolyte,  cu,  exceeds  a  critical  value,  Ccr,  a  candidate  site  sip  may  be  activated.  Whether 
the  candidate  is  turned  to  an  active  site  or  not  depends  also  on  the  actual  number  of  active  sites, 
Na-  (We  describe  below  how  the  global  restriction  imposed  on  Na  influences  the  activation 
procedure.)  If  the  site  has  not  been  turned  to  active  it  becomes  empty  if  it  has  no  more  active 


t  t+1 

□  □ 


□  empty  (covered  with  Al) 
■  occupied  (pit  site) 
p  active 
^  candidate 


Fig.  3.  The  first  three  steps  of  the  growth  algorithm. 
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neighbors;  else  the  site  remains  candidate  if  at  least  one  of  its  first  neighbors  is  an  active  site. 
Therefore  an  already  tested  but  not  activated  site  may  become  active  later.  An  occupied  site  stays 
always  occupied.  A  simple  example  in  Fig.  3  demonstrates  the  evolution  of  the  pattern. 
Accumulation  of  the  corrosion  products  in  the  active  region 

To  determine  whether  a  candidate  can  be  transformed  to  a  new  active  site,  the  local 
electrolyte  aggressiveness  Cy,  above  the  site  Sij,  is  allowed  to  vary  between  a  bulk  value  cq  and  a 
limit  corresponding  to  the  saturated  salt  solution,  Cgat^  Initially  cq  is  attributed  to  each  cell  on  the 
electrolyteside  (C).  Once  an  active  site  appears  on  lattice  5,  the  corresponding  cij  value  will  be 
incremented  by  a  constant  (Ac),  in  agreement  with  the  assumption  of  constant  anodic  current 


density: 

Cij  —>  Cij  +  Ac.  (1) 

Diffusion  and  convection  of  the  aggressive  products 

The  diffusion  of  aggressive  products  parallel  to  the  A1  layer  is  simulated  by: 

Cij  — >  (cij  +  Ci-ij  +  Ci.\.ji  +  Cij.]  +  Cij+j)  /5,  (2) 

while  the  diffusion  normal  to  the  layer  corresponcls  to  decreased  the  aggressiveness  according  to 

Cij — >  Cm  —  Tl(Cij  -  cq),  (3) 

resulting  in  an  exponential  relaxation  towards  cq  with  the  relaxation  time:-Mog( I  -  rf).  Eq.  (3) 
formally  corresponds  to  the  diffusion  into  the  bulk  of  the  electrolyte 
Upper  limit  of  ^e  corrosion  current 

The  number  of  active  sites,  Na,  ie.  the  number  of  "Al-sites"  removed  between  two  steps, 
corresponds  to  a  "corrosion  current"  in  the  model  which  is  determined  as  follows:  We  consider  all 
the  candidate  sites,  5m,  with  a  local  aggressiveness,  Cj,  greater  then  the  critical  value,  Ccr-  If  the 
number  of  these  sitei  Na*.  is  smaller  then  Nth,  representing  the  upper  limit  of  the  "corrosion 
current",  all  the  candidates  with  cj  >  Ccr  will  be  activated  and  consequently  Na=  Na  .  Should  Na 
exceed  Nth.  the  number  of  new  active  sites  will  be  calculated  according  to 

Na->vNa*  (4) 


where  ve  md[Vmin,  !]• 

Stable  metal  islands  (trapping  .  j.  , 

In  order  to  simulate  the  experimental  observation  that  dissolution  ceases  imrnediately  on  a 
newly  formed  metal  island,  which  is  no  more  in  direct  electrical  contact  with  the  main  A1  film,  the 
active  sites  not  on  the  external  perimeter  of  the  growing  cluster  are  transformed  to  occupied  sites 
after  each  step,  without  the  possibility  of  activating  any  of  their  empty  neighbors.  This  feature  is 
similar  to  "trapping"  described  in  invasion  percolation  models  [20]. 


Fig.  4  Simulated  pit 
morphologies  as  a  function 
of  the  input  parameters  of 
the  model. 

(a)  c0=10,  Nth=100; 

(b)  c0=l,  Nth=10000 ; 

(c)  c0=1000,  Nth=200; 

(d)  c0=368,  Nth=:200. 

Active  sites  are  ran  domly 
distributed  over  the 
candidates  if  cO  «  cth,  (a) 
and  (b),  whereas  dense 
branches  develop  if  cO  » 
cth,  (c).  Mixed  morphology 
is  observed  if  cO  *=  cth,  (d). 

In  (b)  Na  has  not  reached  the 
limit.  Nth,  throughout  the 
simulation  . 


Fig.  4  shows  that  variation  of  cq  and  Nth  (corresponding  to  the  concentrations  of  Cl  and 
Fe^'*’  ions,  respectively)  results  qualitatively  in  the  same  four  main  morphologies  as  those 
observed  experimentally. 
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As  a  consequence  of  trapping  and  the  global  feed-back  employed  in  Eq.  (4),  our  model 
falls  in  the  class  of  non-local  growth  models.  Therefore,  instead  of  talking  about  the  activation  of 
a  candidate  with  a  probability  p,  we  define  the  spreading  probability,  ps,  globally,  as  the 
expectation  value  of  the  ratio  of  the  number  of  active  sites  at  time  r,  Na(t),  and  the  number  of 
candidates  at  t-1,  Nc(t-1),  from  which  the  Na(t}  active  sites  have  been  selected.  The  spreading 
probability,  ps,  is  determined  by  Ac,  Cth  and  hmax  in  a  nontrivial  way  and  does  not  appear 
explicitly  in  our  model.  The  value  of  ps  defines  a  characteristic  length,  below  which  the 
growing  cluster  exhibits  fractal  properties.  Above  the  correlation  length  4  the  cluster  goes  over  to 
a  circular  structure,  (see  Fig.  4  (b)  for  which  the  value  of  is  of  the  order  of  a  few  intersite 
distances,  Le.  ps  is  far  above  the  percolation  threshold,  psc)- 

The  limit  on  the  number  of  active  sites  acts  as  a  negative  feed-back  on  the  spreading 
probability.  If  Na  >  Nth,  Eq.  (4)  comes  into  effect  and  the  number  of  new  active  sites  will  be 
smaller  than  it  would  follow  from  the  value  of  ps.  Formally  this  corresponds  to  an  instantaneous 
drop  in  spreading  probability  below  the  percolation  threshold.  After  Na  has  been  forced  under  Nth 
(via  Eq.  4),  the  growth  process  is  determined  by  the  initial  value  of  ps  again  as  long  as  Na  <  Nth, 
Le.  until  the  next  fall  in  the  number  of  active  sites. 

Correlated  growth  (case  (c)  and  (d)l 

At  high  cq  diffusion  is  the  dominating  process  on  the  electrolyte  side  which  introduces 
long  term  memory  in  the  growth.  As  it  is  shown  in  Fig.  4(c),  if  Na  is  limited,  dense  branches  are 
developed.  The  ratio  Na(t)/Nc(t-1)  undergoes  large  fluctuation  and  ps  remains  in  the  vicinity  of  1 
showing  that  the  active  sites  form  long  contiguous  fronts.  As  long  as  Na  <  Nth,  the  growth  is 
essentially  two-dimensional  turning  into  a  linear  one  once  the  upper  limit.  Nth,  has  been  reached 
by  the  number  of  active  sites. 

Intermediate  values  of  cq  and  Nth  reproduce  the  mixed  morphology  in  which  case  irregular 
and  smooth  dissolution  fronts  propagate  simultaneously  (Fig.  4(d)).  The  beginning  of  the  growth 
is  similar  to  the  case  (c)  but  long  fronts  of  the  active  sites  are  not  stable  in  this  regime.  This 
property  is  clearly  manifested  by  the  violent  fluctuation  of  Na(t)/Nc(t-l}.  The  crossover  from  two- 
dimensional  to  linear  growth  is  slower  than  in  the  previous  case. 
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FRACTAL  GROWTH  OF  CLUSTERS  AND  PORES  DURING  ANNEALING 
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ABSTRACT 

Annealing  of  an  A1  thin-film  on  Si02  at  temperatures  in  the  range  400-660°C  leads  to  a 
chemical  reaction  (oxidation  of  A1  and  reduction  of  Si)  whih  proceeds  via  irreversible  growth 
of  2-D  aggregates  which  belong  to  a  class  of  clusters  first  described  in  MBE. 

LINTRODUCTION. 

In  the  past  ten  years,  Diffusion  Limited  Aggregation^  has  served  as  a  paradigm  for  the 
study  of  fractal  growth  of  branched  structures  driven  by  a  Laplacian  field.  A  recent 
development  of  the  DLA  model^-S,  which  includes  a  constant  flux  of  particules,  is  able  to 
reproduce  the  range  of  shapes,  -from  DLA  fractal  to  compact-  which  are  observed  in  Molecular 
Beam  Epitaxy  and  related  «deposition-diffusion-aggregation»  experiments^'^l.  We  present  in 
this  article  a  new  system  in  which  growth  of  ag^egates  is  observed,  which  belongs  to  a  DLA 
model  with  an  additional  constant  flux  of  "particles".  The  experiment  consists  in  annealing 
aluminum  thin  films  deposited  on  silica  [temp,  range  400°C-660°C].  A  genuine  chemical 
reaction,  involving  reduction  of  the  silica  and  oxidation  of  the  aluminum,  leads  to  irreversible 
growth  of  aggregates  which  are  well  described  by  the  recent  models  developped  for  MBE.  A 
morphology  diagram  can  be  elaborated  as  a  function  of  temperature  and  annealing  time.  Large 
DLA  structures  are  obtained  at  high  temperature  and  short  annealing  times.  Several  thousands 
of  patterns  are  obtained  on  a  single  sample.  At  low  temperature  two  dimensional  pores  are  also 
observed,  which  may  be  related  to  a  2-D  Kirkendall  effect. 

11.  PATTERN  FORMATION  BACKGROUND. 

Several  authors  have  reported  growth  of  branched  DLA-like  structures  during  growth 
or  annealing  of  thin  films.  For  example  Radnoczi  et  al  have  reported  that,  when  an 
amorphous  film  of  SeGe2  is  annealed,  a  crystalline  phase  grows,  at  the  expense  of  the 
amorphous  phase.  The  structure  of  the  crystal  phase  is  strikingly  similar  to  DLA  aggregates. 
Also  Zhang  et  have  reported  that  silver  atoms  deposited  on  tin  oxide  can  form  DLA-like 
clusters  when  the  substrate  temperature  is  lowered  below  the  melting  point  of  silver.  Elam  et  al 
have  observed  the  formation  of  DLA  clusters  during  sputter  deposition  of  NbGe2  films^'^. 
Finally,  Chabala^^  has  reported  that  oxidation  of  liquid  gallium  by  an  external  flux  of  oxygen 
occurs  via  formation  of  DLA  clusters  of  gallium  oxide,  at  least  in  the  first  stages  of  the 
process. 

A  different  instance,  still  related  to  surface  and  thin-film  science,  in  which  DLA 
aggregates  are  formed,  is  provided  by  Molecular  Beam  Epitaxy.  In  MBE  experiments,  a 
supersaturated  vapor  is  formed  on  top  of  a  substrate  on  which  a  (possibly  different)  material 
nucleates  and  grows.  In  the  last  five  years,  a  lot  of  attention  has  been  dedicated  to  the  very  first 
stages  of  MBE,  when  the  deposit  thickness  is  smaller  than  a  few  atomic  layers.  In  this 
instance,  the  film  growth  is  controled  by  :  i)The  Diffusion  of  the  adatoms.  ii)The  external  flux 
of  adatoms.  iii)The  critical  size  for  homogeneous  island  formation.  iv)Heterogeneous 
nucleation,  if  any. 

The  main  control  parameter^”^  is  the  ratio  D/O  of  the  diffusion  constant  D  over  the 
external  flux  <I>.  Depending  on  time,  or,  in  a  rescaled  variable,  depending  on  the  surface 
coverage  r|,  a  morphology  diagram  can  be  constructed.  Schematicttily,  one  observes  DLA 
fractals  as  long  as  the  ratio  D/O  is  large  and  time  is  small.  These  DLA  fractals  grow  almost  up 
to  percolation.  Next  they  compactify,  percolate  and  form  a  continuous  film.  If  D/O  is  small, 
the  patterns  are  rather  compact  from  the  very  start,  they  remain  compact  while  they  grow,  and, 
eventually,  they  percolate  and  form  a  continuous  layer.  Fig.  1  shows  the  morphology  as  a 
function  of  D/O  andTj,  reprinted  from  Ref. [5].  These  features  have  been  observed 
experimentally  by  several  groups^'^l. 
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Figure. 1 

Morphological 
diagram  showing 
the  cluster  shape 
as  a  function  of 
surface  coverage 
and  ratio  D/O 
(Ref[5]).  large 
DLA-like 
patterns  are 
obtained  at  short 
times  and  large 
values  of  D/O.  In 
all  cases,  the 
patterns  become 
compact  and 
percolate  in  the 
late  stages  of  the 
process  (high 
coverage). 

We  now  present  a  new  thin-film  experiment,  quite  different  from  the  ones  reported 
above,  which  is  conceptually  very  close  to  the  MBE  models  described  above. 

III.  EXPERIMENTAL. 

The  experiment  consists  in  annealing  aluminum  thin  films  (thickness  -lOOOA)  which 
are  deposited  on  silica.  We  have  used  pure  silica  (99.999  polished  to  optical  precision),  and 
also  soda-lime  glass  (microscope  slides)  and  crystallized  glass  (Acticeraml6).The  aluminum 
film  was  obtained  by  evaporating  A1  99.999%  in  a  custom  evaporator  jar.  The  films  were 
annealed  in  a  custom  furnace  under  nitrogen  flow  (N2  5ppm)  with  annealing  times  ranging 
from  30secs.  (at  temperatures  above  600°C)  to  several  days  (400°C).  In  a  first  series  of 
experiments  the  reaction  could  not  be  observed  in  situ.  The  samples  were  withdrawn, 
photographed  under  a  microscope  Nikon  Optiphot  2,  and  put  back  into  the  fumace.(With  a 
more  recent  set  up,  we  are  able  to  film  the  sample  surface  during  the  process).  Let  us  insist 
that  the  reaction  of  A1  on  SiOz  has  been  studied  by  a  few  authors  17-22^  because  Al/Si02/Si 
capacitors  were  (and  still  are)  extensively  used  in  computer  hardware,  and  because  the  Al/Si02 
interface  was  found  not  to  be  stable.  The  capacitors  have  been  reported  to  breakdown, 
especially  at  temperatures  above  400°C.  Some  authors  report  that  the  breakdown  tendency  is 
due  to  "quite  massive  defects"  or  to  "small  crystallized  regions"^^.  The  fractal  patterns  that  we 
report  on  here  have  escaped  previous  studies,  but  may  well  be  the  same  thing  as  those 
«defects».  The  very  same  reaction  has  also  been  studied  in  the  context  of  composite  materials, 
because  fiber-glass  reinforced  aluminum  makes  a  light  and  strong  material.  Let  us  not  forget 
that  the  reduction  of  silica  by  aluminum  has  long  been  known,  and  was  even  proposed  once  as 
a  possible  path  for  silicon  production23. 

IV  RESULTS. 

IV. a  General  trends. 

In  the  temperature  range  400-660°C,  the  aluminum  film  oxidation  is  activated  (Fig.  2), 
and  lasts  between  about  3  days  (400°C)  and  30  seconds  (660°C),  the  activation  energy  is  about 
1.5eV.  As  oxidation  progresses,  the  aluminum  film  becomes  more  and  more  translucent  and  it 
loses  its  silverish  aspect.  A  microscopic  observation  of  the  film  reveals  that  a  transparent  phase 
nucleates  on  the  film.  For  example,  after  only  one  hour  at  440°C,  a  lot  of  transparent  nuclei 
appear  on  the  film,  as  observed  by  transmission  illumination  under  an  optical  microscope  (Fig. 
3).  When  magnified,  these  nuclei  appear  as  very  irregular  islands  which  are  embedded  in  the 
film  (Fig.  4). 


(0) 


..U  ^ 

(d) 


D/<I)=10'^ 


ry<i>=io9 


288 


CO 
CD 

I  104 

^  103 

i  102 

-  10 

c 

•°  0 

S  8.10-4  1/T  10-3 

cc 


Figure  2.  The  reaction  time  as  a  function  of  temperature.  The  reaction  is  activated,  and  lasts 
between  several  days  (400°C)  and  a  few  tens  of  seconds  (T~640°C). 


Figure'  3.  General  aspect  of  the  aluminum  film,  at  low  magnification.  At  short  annealing 
times  (very  small  coverages)  a  lot  of  transparent  nuclei  appear  on  the  surface. 

Figure  4.  When  magnified,  the  nuclei  appear  as  irregular  islands,  with  a  shape  reminiscent  of 
small  DLA  patterns.  Note  that  several  thousands  of  patterns  are  formed  on  a  sample  Icmxlcm. 

As  the  reaction  progresses,  the  number  of  nuclei  and  the  sizes  of  the  islands  increase. 
Also,  the  aluminum  film  surrounding  the  islands  becomes  more  and  more  transparent  and 
white;  as  explained  below,  the  aluminum  is  oxidized  to  alumina.  The  color  of  the  irregular 
islands  is  generally  yellow. 

IV. b.  Morphology  Diagram. 

The  morphology  of  the  islands  is  not  unique,  and  it  changes  with  time.  It  is  therefore 
necessary  to  elaborate  a  morphology  diagram.  The  result,  as  encapsulated  in  Fig.  5  is  the 
following.  At  high  temperatures  (T>600°C),  the  patterns  grow  very  quickly  (in  a  few  minutes) 
and  are  DLA-like  almost  up  to  percolation.  In  the  next  few  minutes,  the  patterns  compactify, 
and  the  film  becomes  a  random  distribution  of  compact  patches  surrounded  by  a  white  material 
(alumina).  At  lower  temperatures,  the  process  is  much  slower.  The  patterns  are  DLA-like  only 
at  very  early  times  (small  coverages).  Large  branched  structures  are  not  formed.  Instead,  the 
patterns  become  rapidly  compact,  though  irregular,  and  remain  compact  up  to  percolation. 
Fig.6A  shows  the  patterns  at  the  very  beginning  and  at  the  end  of  the  process,  at  low 
temperature,  Fig.  6B,  shows  the  same  thing  at  high  temperature.  The  largest  patterns  were  one 
millimeter  in  diameter  (Fig.7).  Fractality  was  observed  from  the  micron  range  up  to  the  cluster 
size  . 
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Figure  5.  Morphological  diagram.  Magnification  200x.  Left  column  530°C,  right 
column  600°C.  The  reaction  times  are  30hours  at  500°C  and  only  30  minutes  at 
600°C. 
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Figure  6.  Close  view  (x1000)  of  the  sample  surface  in  early  stages,  and  late  stages 
of  the  process,  at  temperature  500°C  (A)  and  600°C  (B).  At  small  coverages,  the 
patterns  are  always  ramified.  At  high  coverages,  they  always  become  compact.  The 
patterns  are  surrounded  by  alumina.  The  reaction  stops  when  metal  Al  is  exhausted. 
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Figure  7,  A  typical  large  pattern  obtained  at  600°C  on  the  ceramic.  The  fractal  dimension  was 
found  to  be  1.66  (averaged  over  20  patterns). 


IV.  c.  Nucleation.  ...  r 

As  demonstrated  by  many  authors^,  the  distribution  of  island  sizes  as  a  function  or 
surface  coverage,  in  MBE,  depends  basically  on  whether  the  island  growth  starts  by 
homogeneous  or  heterogeneous  nucleation.  If  nuclption  is  homogeneous,  then  the  distnbution 
function  possesses  a  minimum  at  small  and  large  island  sizes.  If  nucleation  is  heterogeneous, 
then  the  island  size  distribution  has  a  maximum  at  srnall  sizes  (small  islpds  keep  on 
nucleating,  and  they  are  always  more  numerous  than  larger  islands).  In  the  experiment  reported 
on  here,  the  distribution  of  island  sizes  always  corresponds  to  an  heterogeneous  nucleation 


Figure  8.  Distribution  of  sizes  for  a  sample  at  temperature  640°C  annealed  for  a  few  minutes. 
In  this  instance,  the  patterns  are  DLA-like  almost  up  to  percolation,  while  the  surrounding  film 
is  only  partially  oxidized.The  shape  of  the  curve  reveals  that  small  clusters  dominate.  This 
feature  was  observed  at  all  temperatures. 


So  far,  we  were  unable  to  extract  a  «universal»  function  for  the  distribution  function,  from  our 
datas.  In  practical  instances,  one  is  forced  to  analyze  parameter  ranges  in  which  a  reasonable 
number  of  islands  is  observed  with  a  reasonable  size  distribution  (and  with  a  good  contrast), 
which  limits  the  analysis.  Work  is  in  progress  on  this  issue. 


IV.d.  Chemical  Analysis. 

Of  course,  one  would  like  to  know  the  exact  formulae  of  the  materials  which  are 
formed.  It  has  been  shown  by  several  authorsl'7-22  that  in  the  experiment  which  we  report  on 
here,  the  only  products  of  reaction  are  silicon  and  alumina.  We  have  performed  EDX  analysis 
on  the  samples,  and  correlated  it  to  the  cluster  moiphology.  The  conclusionrare  that : 
i)The  aluminum  film  is  progressively  and  homogeneously  oxidized;  ii)The  clusters  are  silicon 
rich  and  aluminum  poor;  iii)There  is  very  little  silicon  in  the  surroundings  of  the  clusters. 

We  shall  not  enter  into  details  here,  but  it  should  be  acknowledged  that  we  cannot  yet 
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give  a  quantitative  stoechiomery  for  the  material  in  the  patterns.  The  X-peaks  give  a  simil^ 
concentration  of  A1  and  Si  in  the  clusters,  and  an  A1  concentration  5  times  as  small  in  the 
patterns  as  in  the  surrounding  film,  but  a  quantitative  inte^retation  is  difficult  because  the  EDX 
analysis  is  performed  over  a  sphere  of  interaction  which  is  larger  than  the  film  thickness.  EDX 
maps  show  clearly  the  anti-correlation  between  A1  and  Si  concentrations  (Fig.  9), 


Figure  9.  The  concentration  maps  of  A1  and  Si  as  measured  by  EDX.  Rich  zones  appe^ 
lighter  in  colour.  In  the  center  of  the  scanned  area  on  observes  a  typical  cluster,  which  is  rich  in 
Si  and  A1  depleted.  The  A1  X-peak  is  5  times  as  large  in  the  film  as  in  clusters.  The  Si  and  A1 
X-peaks  in  the  clusters  are  similar. 


IV.e.  Pore  formation  .  .  ,  j 

At  low  temperatures  (400-450°C)  formation  of  holes  (pores)  in  the  film  was  observed. 
The  DLA  patterns  were  found  to  grow  in  an  anti-correlated  manner,  in  between  large  white 
holes  ressembling  percolation  clusters  and  having  a  fractal  dimension  1.75  (Fig.  10). 
Apparently,  the  formation  of  holes  provides  the  diffusing  species  to  the  DLA  patterns.  We 
conjecture  that  the  holes  are  linked  to  A1  diffusion  towards  the  substrate,  which,  after  reacting 
on  silica  provides  the  diffusing  Si  for  the  DLA  clusters.  It  should  be  noted  that  the  diffusion 
coefficient  of  Si  in  A1  is  much  larger  than  the  diffusion  coefficient  of  A1  in  A1  (self- 
diffusion)30.  Therefore,  the  Kirkendall  interface^^.^S  moves  towards  the  substrate.  It  may  be 
possible  that,  as  a  consequence  of  vacancy  precipitation,  2-D  pores  are  formed  on  the  film. 


Figure  10.  Clusters  and  pores  formed  at  low  temperature  (T=440°C,  substrate=soda-lime 
glass,  annealing  time  40h).  The  clusters  and  pores  distributions  are  anti-correlated.  In  some 
sense,  the  pores  are  the  outer  source  of  a  DLA  process  which  occurs  in  between  them.  The 
fractal  dimension  of  the  pores  was  found  to  be  close  to  1.75 


V.  INTERPRETATION  and  CONCLUSION. 

Existing  studies  of  the  reaction  of  A1  on  Si02  and  our  data  strongly  support  the 
following  reaction  mechanism.  On  a  thin  layer  at  the  Al/Si02  interface,  interdiffusion  brings  A1 
and  Si02  in  contact.  The  Si-O  bonds  are  disrupted,  oxygen  does  not  diffuse  very  far  (a  few 
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hundred  of  Angstroms  at  most)  and  oxidizes  almost  immediately  the  aluminum  (hence  the 
homogeneity  of  the  A1  oxidation,  and  the  progressive  change  of  colour).  The  silicon  which  is 
released  in  the  film  diffuses  and  precipitates  on  the  clusters  which  are  made  of  a  silicon-rich 
material  which  could  well  be  crystalline  silicon  (hence  the  diffraction  peaks),  or  a  mullite.  The 
flux  of  silicon  into  the  film  is  determined  essentially  by  the  interdiffusion  of  the  species  across 
the  interface  in  the  direction  perpendicular  to  the  film,  and  by  the  reaction.  It  is  thermally 
activated.  Diffusion  of  Si  in  the  film  is  also  thermally  activated^’25^  The  cluster  growth  is 
irreversible,  and  limited  by  the  diffusion  of  silicon  in  the  film  towards  the  patterns,  and 
possibly  the  diffusion  of  A1  away  from  them.  As  long  as  metal  A1  is  not  exhausted  there  is  an 
«extemal»  flux  of  silicon  around  and  inside  the  clusters  provided  by  the  reaction. 

As  we  see,  if  this  scenario  is  correct,  then  the  reaction  is,  at  least  in  principal,  very 
close  to  the  growth  process  described  by  the  MBE  models.  The  morphology  diagrams,  in 
particular,  point  to  a  mechanism  of  this  sort.  However,  in  our  case  we  do  not  control 
independently  the  flux  and  the  diffusion  constant  of  Si.  They  both  depend  on  a  single 
parameter  which  is  the  temperature.  Observation  of  the  morphology  diagram  shows  that  the 
ratio  D/O  is  not  constant,  and  that  it  increases  with  temperature,  since  the  larger  DLA  patterns 
are  obtained  at  higher  temperatures.  Therefore  Si  diffusion  in  2-D,  in  the  film,  increases  more 
rapidly  with  an  increase  in  temperature  than  the  reaction  accross  the  Si02/Al  interface.  (The 
activation  energy  of  diffusion  should  be  larger  than  the  activation  energy  of  reaction).  Also,  the 
data  clearly  show  that  the  clusters  nucleate  on  defects,  which  are  often  visible  in  the  center  of 
the  patterns. 
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ABSTRACT 

We  investigate  an  interface  growth  equation  with  a  conservation  law.  The  interac¬ 
tion  is  characterized  by  an  integral  kernel.  The  equation  contains  the  Kardar-Parisi- 
Zhang,  Sun-Guo-Grant,  and  Molecular-Beam  Epitaxy  growth  equations  as  special  cases 
and  allows  for  a  unified  investigation  of  growth  equations.  We  perform  a  dynamic 
renormalization-group  analysis  and  determine  the  scaling  behavior  and  universality 
classes  for  such  growth  models  with  a  conservation  law. 

INTRODUCTION 

Nine  years  ago  Kardar,  Parisi,  and  Zhang  (KPZ)  introduced  a  Langevin  equation  which 
now  has  become  the  paradigm  for  modeling  nonequilibrium  interface  growth  [1,  2,  3]. 
The  appearance  of  interfaces  are  common  in  nature  and  many  experimental  results 
exist  for  the  scaling  properties  characterized  by  the  roughness  exponent  a  and  the 
dynamic  exponent  2r  [4].  The  predictions  obtained  from  the  KPZ  equation,  however, 
do  not  in  general  agree  with  those  obtained  in  experiments.  Therefore,  there  is  still  a 
big  need  to  explore  other  interface  growth  equations  in  order  to  determine  universality 
classes. 

Here,  we  investigate  a  growth  equation  characterized  by  an  integral  kernel.  We  will 
refer  to  the  equation  as  the  kernel  equation.  It  contains  the  KPZ  equation  as  a  special 
case.  In  addition,  the  previously  studied  Sun-Guo-Grant  (SGG)  [5]  and  Molecular- 
Beam-Epitaxy  (MBE)  [6]  equations  are  also  contained  in  our  general  equation. 

The  kernel  equation  for  a  d  dimensional  interface  h{x,t)  reads 

^  =  y  d^x'K{x-x')  +  (1) 

with  a  surface  tension  term  described  by  u,  a  nonlinear  term  with  strength  A,  and  an 
additive  noise  whose  correlations  will  be  specified  below.  The  integral  kernel 

K{r)  describes  nonlocal  interactions  in  the  system  [7].  Equations  with  such  a  kernel  has 
been  previously  investigated  in,  e.g.,  the  dynamics  of  Ising  systems  [7],  fluctuating  lines 
in  quenched  random  environments,  and  domain  walls  subjected  to  quenched  long-range 
correlated  impurities  [8]. 

Our  motivation  for  introducing  the  kernel  equation  is  to  gain  information  on  how 
conservation  laws  change  the  universality  classes  for  nonequilibrium  growth  models, 
and  to  allow  for  a  unified  description  of  growth  models  studied  so  far.  Furthermore, 
one  can  speculate  whether  some  growth  experiments,  which  yield  exponents  that  do 
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not  agree  with  the  KPZ  exponents,  may  contain  nonlocal  growth  effects  such  as,  e.g., 
the  experiments  on  electrochemical  deposition  reported  in  Refs.  [9,  10]. 

The  kernel  K{r)  has  the  behavior 


(2) 


characterized  by  an  exponent  a  describing  the  long-distance  decay.  By  Fourier  trans¬ 
forming,  one  notes  that  <7  =  0  corresponds  to  the  kernel  being  a  Dirac  delta  function, 
and  therefore  the  usual  KPZ  equation  [1].  The  case  K{x  —  x')  =  —  6^{x  —  x')  yields 

the  dynamics  of  the  SGG  and  MBE  equations  [5,  6],  and  corresponds  to  <7  =  2.  In 
order  to  incorporate  these  equations,  we  introduce  a  kernel  N{r)  in  the  noise  correlator 


{7]{x,  t)rj{x\  0)  =  N{x  -  x')6{t  -  0, 


(3) 


with  the  form  ^ 

^{t’)  ~  for  7  — s-  oo.  (4) 

Here,  r  is  an  exponent  independent  of  a.  Note  that  r  =  0  means  no  correlations  in  the 
noise  (KPZ,  MBE)  whereas  r  =  2  corresponds  to  conserved  noise  as  it  appears  in,  e.g., 
the  SGG  equation. 

We  want  the  total  height  H(t)  =  f  d'^xh(x,t)  to  be  a  conserved  quantity  and  impose 
the  constraint  /  d^x'  K{x  —  x')  =  0.  This  leads  to  dHjdt  =  0  (for  r,  <7  >  0),  since  the 
noise  satisfies  T]{k  =  0,i)  =  0  (follows  from  Eq.  (3)).  As  a  result,  the  kernel  equation 
conserves  the  quantity  H{t). 


RENORMALIZATION  GROUP  ANALYSIS 

By  performing  the  rescaling  x  ^  x'  =  x/b,  the  parameters  change  as 


i/  — !• 

(5) 

A  ^ 

A'  =  6"+“-"-' A, 

(6) 

D 

D'  = 

(7) 

0,  the  solution  of  the  kernel  equation  is  described  by  the  linear  exponents 

2  (7  —  d  -  T 

(8) 

Zo  =  2-\- a, 

«o-  2 

Using  these  values  in  the  rescaling  for  A,  we  obtain  X'  =  so  naively  we 

expect  the  critical  dimension  of  the  model  to  be  dc  =  2  +  a  —  r.  For  d  >  d^  the  A 
terra  will  scale  to  zero,  whereas  for  d  <  d^  the  A  term  will  be  relevant  and  the  scaling 
behavior  of  the  kernel  equation  will  no  longer  be  described  by  the  linear  exponents. 

Now  we  will  carry  out  a  dynamic  renormalization  group  (RG)  analysis  in  order  to 
determine  the  scaling  behavior  of  the  kernel  equation.  We  Fourier  transform  the  kernel 
equation  (1)  and  obtain  in  the  hydrodynamic  limit  yb  — >  0, 

h{k,u))  =  Go{k,u;)T}(k,u;)-^Go(k,i^)k^J 

/OO 

—  q^{k-q)h(q,ft)h{k-q,uj-Cl),  (9) 


296 


where  G'o(^,w)  is  the  propagator  defined  by  the  expression  Go{k^io)  —  —  ito). 

A  is  the  momentum  cutoff.  The  noise  in  Fourier  space  takes  the  form 

{7^(k,oj)7](k\u;'))  =  2D  F  (27rY^H^ik  +  k')8{io  +  u;')-  (10) 

The  renormalization  group  consists  of  coarse-graining  followed  by  rescaling  [11].  In 
the  coarse-graining  procedure,  modes  with  momenta  e^<^<l(A  =  l)  are  elimi¬ 
nated  from  the  equation  of  motion.  After  performing  the  coarse-graining,  wavevectors 
are  rescaled  according  to  k  k'  —  hk^  with  b  =  e^.  The  RG  procedure  is  most  effi¬ 
ciently  carried  out  by  the  means  of  diagrams,  i.e.,  we  represent  the  kernel  equation  (9) 
1  as  shown  in  Fig.  1,  cf.  Refs.  [1,  12,  13]. 


h(k,co) 

Go(k,o))  Go(k,o)) 

r|(k,  CD) 

(b) 

h(k^,co-n) 

(k,to)  ^ 

(k-q,ci)-lfl) 

(c) 

-  "  q  (k-q) 

=  2  D 

(k.co)  (-k”C0) 


Figure  1:  (a)  Diagrammatic  representation  of  the  kernel  equation  (9).  (b)  The  vertex 
A  which  includes  integration  over  (?,n).  The  ^  •  (^  -  ^)  is  associated  with  the  outgoing 
momenta;  f  =  {0d  2?-  (^)  contracted  noise  2Dk^ ,  from  Eq.  (10). 


The  one-loop  RG  flow  for  the  parameters  in  the  kernel  equation  reads  [14,  15] 

\^D2  +  2(T-T-d 


du 

U 

dX 

H 


U\z  —  2—  (J-\-Ka 


id 


—  A  (or  4-2-2  - (t), 


^  _  r 
n  "  \ 


D(z  -2a  —  d-  r)  ^ 


T  <  2(7, 


D{z-2a-d-T  +  !Y^),  t>2<t, 


(11) 

(12) 

(13) 


where  jT{df2)  is  the  surface  area  of  the  d  dimensional 

unit  sphere.  Due  to  the  fact  that  A  does  not  renormalize  to  one-loop  order,  cf.  Eq.  (12), 
one  obtains  the  exponent  relation 

a  +  z  =  2  +  a.  (14) 
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In  addition,  the  non-renormalization  of  the  noise  for  r  <  2(t  (a  result  which  will  be 
valid  to  all  orders)  leads  to  the  relation  z  =  2a  -\-  d r. 


RESULTS 


In  order  to  study  the  RG  flow,  it  is  convenient  to  introduce  the  coupling  constant 
g  =  ^(^)  =  D ! .  First,  we  identify  the  fixed  points  (FP’s)  for  the  flow  of 
and  next  we  calculate  the  critical  exponents  at  the  fixed  points.  The  critical  exponents 
are  determined  from  dyjdi  =  0  and  dD/di  —  0. 

The  case  r  >  2cr:  We  note  that  for  any  r  >  2(7  we  get  the  behavior  for  r  2(T, 
and  therefore  we  only  have  to  discuss  the  latter  case  [14].  The  critical  dimension  is 
=  2  —  cr.  With  €  —  dc  —  d,  the  nontrivial  FP  becomes  for  cr  ^  | 


^  2(2e  + 2(7-1) 


e 

2(2(7-  1) 


+  0(e^). 


(15) 


For  0  <  (7  <  |:  Here,  g*  is  negative,  and  a  FP  expansion  in  powers  of  e  does  not 
exist  (which  is  known  to  be  the  case  also  for  the  KPZ  equation).  In  order  to  obtain 
the  exponents  we  can  use  the  one-loop  result  of  the  g*  fixed  point.  For  the  KPZ 
equation  this  gives  the  exact  exponents  in  d  ~  1  (cf.  [1]),  but  despite  this  the  method 
is  uncontrolled  due  to  the  fact  that  g*  (or  A*)  is  not  small  at  the  FP,  which  has  been 
the  underlying  assumption  under  the  whole  RG  calculation.  The  direct  substitution  of 
g*  into  the  expressions  for  the  exponents  results  in  the  values 


{2-d){2-(7-d)  ^  {2-d){2-a-d) 

2(3  _  2d)  ’  +  2(3  -  2d) 


(16) 


In  (f  =  1,  this  yields  a  =  (1  —  c7)/2,  and  =  3(1  +  cf)/2,  which  for  cr  =  0  reduces  to  the 
KPZ  exponents  [1]. 

For  C7  >  |:  In  this  interval,  the  e  expansion  is  possible.  We  can  obtain  the  exponents 
to  first  order  in  e  at  the  0(e)  fixed  point  (15)  with  the  result 


2(2(7  -  1) 


e  +  0(e2), 


2  T  (7  — 


2(2(7-  1) 


e  +  0(e^). 


(17) 


The  case  r  <  2g\  For  d>d^  =  2-\-(j  —  r  the  FP  associated  with  the  linear 
exponents,  g^^  is  stable  and  describes  the  scaling  behavior.  For  d  <  dc  there  is  a  new 
FP,  g*  =  e/3(7,  with  e  =  dc  —  d.  The  exponents  at  this  FP  are 


2  +  (7  -  r  -  (f 
3 


z  =  2  +  ^-i 


(/  +  T  +  2(7  +  4 

3 


(18) 


These  values  are  consistent  with  the  non-renormalization  of  A  and  D  in  the  case  r  <  2(7, 
cf.  Eqs.  (12)  and  (13)  [16]. 


CONCLUSIONS 

In  summary,  we  have  performed  a  renormalization  group  analysis  of  the  kernel  growth 
equation  (1).  This  is  a  growth  equation  which  describes  interfaces  with  a  conservation 
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Figure  2:  Universality  classes  and  critical  dimensions  for  the  kernel  equation.  For 
T  <2(7  (below  the  line  4  =  2  -  a),  every  point  represents  a  distinct  universality  class. 
For  r  >  2(7,  every  vertical  line  represents  a  different  universality  class.  The  KPZ,  SGG 
and  MBE  models  are  shown  with  solid  circles.  The  circle  at  (j  =  |,t  =  1  divides  the 
r  =  2(7  line  into  two  parts.  The  part  with  (t  <\  where  the  e  expansion  does  not  exist, 
and  the  part  (7  >  |  where  the  e  expansion  does  exist. 

law.  In  Fig.  2  we  show  that  the  equation  encompasses  a  range  of  different  universality 
classes  which  includes  among  others  the  Kardar-Parisi-Zhang  equation. 

For  r  <  2(7,  every  point  represents  a  distinct  universality  class,  with  the  SGG  and 
MBE  models  belonging  to  this  case.  For  these  universality  classes  we  were  able  to 
obtain  the  critical  exponents,  and  the  values  are  given  in  Eq.  (18).  Furthermore,  the 
exponents  fulfill  the  relation  (14). 

For  T  >  2(7,  every  vertical  line  represents  a  different  universality  class.  The  KPZ 
equation  belongs  to  this  case.  Moreover,  we  noted  the  breakdown  of  the  e  expansion  for 
(7  <  |.  As  a  consequence,  estimates  for  the  critical  exponents  could  only  be  obtained 
by  a  direct  substitution  of  the  g*  FP  value  into  the  expressions  for  the  exponents, 
resulting  in  the  values  in  Eq.  (16).  However,  iov  (t  >  \  the  e  expansion  could  be  used 
to  obtain  the  exponent  values  as  given  in  Eq.  (17). 
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ABSTRACT 

A  variety  of  growth  manner  of  the  fungus  Aspergillus  oryzae  and  nidulans  under  varying 
environmental  conditions  such  as  the  nutrient  concentration,  and  medium  stiffness  are  investigated, 

ranging  from  a  homogeneous  Eden-like  to  a  ramified  DLA-like  pattern.  The  roughness  0(1,  h)  of 
the  growth  front  of  the  band-shaped  colony,  where  h  is  the  mean  front  height  within  I  of  the 
horizontal  range,  satisfies  the  self-affine  fractal  relation  under  favorable  environmental  conditions. 

1.  INTRODUCTION 

Mandelbrot  has  introduced  a  new  concept  of  fractal  and  multifractal  by  surveying  a  great 
number  of  random  growth  phenomena  in  nature[l].  Many  of  these  random  phenomena  can  be 
understood  by  applying  this  new  concept.  The  first  simple  object  which  was  understood  with 
satisfaction  is  a  diffusion  limited  aggregation [2, 3].  The  fact  that  reasonable  agreement  exists 
between  simulation  and  experiment  provides  the  stimulus  to  the  recent  progresses  in  fractals  [4-8]. 
A  preliminary  theoretical  understanding  of  DLA  has  also  been  made  using  several  different 
methods[9-ll].  Soon  the  investigation  from  the  fractal  points  of  view  extends  to  chemistry, 
biology,  geology  and  so  on.  For  example,  polymerization,  piling  of  particles,  fracture  pattern  of 
soil  and  so  on,  are  discussed  in  terms  of  cluster-cluster  aggregations  [12, 13],  the  ballistic  model[  14], 
fracture  model [15]  and  so  on,  respectively  There  are  firrther  more  too  many  applications  to  be 
mentioned  here. 

Recently  several  physicist  groups  began  morphological  studies  of  biological  objects,  such  as 
cell  growth  of  human  retinal  vessel[16],  as  well  as  colony  formation  of  bacteria[17,18].  On  the 
other  hand,  the  present  authors  has  investigated  the  pattern  formation  of  growh  front  in  the 
fungal  colony  of  Aspergillus  oryzae.[19] 

Mycelium  of  the  filamentous  fungi  consists  of  highly  branched  filaments  called  hyphae. 
Individual  hyphae  are  interconnected  with  each  other  through  the  cellular  transportation.  Further, 
the  neighboring  hyphae,  or  hyphal  systems,  interact  with  each  other  through  the  competitive 
nutrient  uptake  and  the  secretion  of  extracellular  materials  which  inhibit  growth. 

As  the  fungal  colony  develops,  the  mycelium  organize  a  beautiful  texture.  Although  the 
appearance  of  colony  is  generally  regarded  as  inherent  to  the  strain,  behaviors  of  patterning 
changes  exquisitely  with  the  environmental  conditions.  Manner  of  growth  response  may  be,  to  a 
certain  extent,  inherent  to  the  strains,  and  is  thought  to  be  selected  through  the  evolutionary 
processes. 

However,  since  the  cells  are  completely  exposed  to  the  environment,  hyphal  growth  is  highly 
subject  to  the  physical  conditions  such  as  the  diffusion  of  nutrients  and  inhibitory  materials. 
Provided  that  there  exists  some  universal  nature  of  growth  response  to  the  environmental  conditions, 
this  universal  profile  might  be  modelized  in  terms  of  simple  dynamics. 

On  the  other  hand,  the  flexible  nature  of  branch  growth  is  pretty  advantageous  for  the 
exploration  of  patchy  nutrient  distributions  in  natural  habitats.  The  peculiarity  of  growth  manner 
is  thought  to  represent  a  positive  tactics  inherent  to  the  strain. 

In  this  study,  we  observe  the  colony  morphology  of  some  Aspergillus  strains  with  two 
variables  of  environmental  factors,  the  nutrient  contents  and  the  substrate  stiffness,  where  the 
lower  stiffness  affects  as  an  adverse  condition  for  hyphal  growth.  From  the  mo^hology  dia^am 
of  a  wild  type  Aspergillus  oryzae  strain  and  a  wild  and  some  colonial  mutant  strains  of  .^pergillus 
nidulans,  we  make  a  first  step  trial  to  extract  the  underlying  universality  of  shape  responses. 

Furthermore,  the  physiological  activities  may  also  have  influences  on  the  filament  growth, 
and  as  a  result,  on  the  whole  shape  of  colony.  Thus  we  vary  the  temperature,  this  being  the  most 
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important  physical  factor  affecting  the  physiological  activities  of  colonies.  There  are  other 
factors  such  as  the  respiration  conditions,  autotropism  among  the  growing  filaments,  and 
accumulation  of  waste  products.  Therefore,  the  mechanism  of  colony  pattern  formation  is 
thought  to  be  more  complicated. 

In  the  present  study  self  affine  analysis  is  applied  to  the  growing  surface  of  colonies.  The 
height  of  a  surface  point  is  defined  as  Ae  distance  from  the  inoculation  line.  The  roughness  of 

the  colony  surface  is  estimated  by  the  mean  square  deviation  a(/,  h)  as  a  function  of  the 
measured  mean  height  h  and  /  within  which  the  data  of  height  are  measured.  If  the  surface  is 
self-affine,  a(/,  K)  is  scaled  with  /  and  h  as  follows: 

a(/,  h)  -  /“  for  h»l  (1) 

and 

a(/,  h)  ~  h^'  for  h « /.  (2) 

In  the  2-dimensional  Eden  model[21],  a  =  1/2  and  P  =  1/3  are  obtained[22].  Vicsek  et  al. 
obtained  the  above  characteristic  exponents  a  =  0.78  for  bacterial  colony[18].  On  the  other 
hand,  a  =  0.62  is  obtained  for  the  present  experiment  on  growth. 


2.  EXPERIMENTAL  METHODS 

2.1  Organism  and  Media 

The  strains  used  are  wild  type  Aspergillus  oryzae  (supplied  by  the  Institute  for  Fermentation 
Osaka,  Japan),  wild  type  Aspergillus  nidulans  and  some  colonial  mutant  strains  of  A.  nidulans 
(supplied  by  the  Fungal  Genetics  Stock  Center,  Dept,  of  Microbiol.,  Univ.  Kansas  Medical 
Center,  Kansas  City,  USA.  FGSC  numbers  of  the  strains  are  A4(wild  type),  A66,  A232,  A583 
and  A695(mutant  strains)).  Colonies  of  these  mutant  strains  developed  on  a  nutrient-rich  standard 
media  shows  peculiar  features  different  from  the  normal  colony  of  wild  type  strain. 

A  oryzae  was  cultivated  on  modified  Czapek-Dox  synthetic  agar  medium,  containing 
NaNO3(0.3%),  K2HP04(0.1%),  MgS04*H2 0(0.05%),  KC1(0.05%),  FeS04;H20(0.001%), 

glucose(as  a  carbon  source,  varied  from  0.01%  to  5%),  and  Difco  Bacto-Agar(which  controls  the 
stiffness  of  substrate,  concentration  varied  from  0.15%  to  5%).  About  25ml  of  sterile  medium  is 
poured  into  Petri  plates  of  9cm  in  diameter. 

Since  the  A  nidulans  mutant  strains  were  seen  to  remain  almost  inactive  on  the  above 
Czapek-Dox  medium,  the  strains  were  cultivated  on  modified  peptone  agar  medium,  containing 
K2HPO 4(0.05%),  KH2P04(0.05%),  Difco  Neopeptone  (as  a  source  of  amino  acids,  etc.,  varied 
from  0.05%  to  1%),  and  Difco  Bacto-Agar  (varied  from  0.3%  to  2%),  20ml  sterile  medium  per 
each  9cm  Petri  plates.  Lastly,  we  set  the  incubation  temperature,  at  24 °C  which  is  favorable  for 
the  physiological  activities  of  the  fungus. 

2.2  Inoculation,  Cultivation  and  Photography 

In  order  to  make  1-dimensional  colony  growth  for  A.  oryzae,  spore  suspension  was  inoculated 
on  a  line.  A  cover  glass  plate  (65  or  55nim  length  and  0.12mm  thickness)  is  perpendicularly 
inserted  into  the  medium  as  a  ruler  for  drawing.  Rinsed  spore  suspension  was  drawn  along  the 
glass  ruler  using  a  sterile  string.  The  glass  ruler  was  immediately  removed  after  inoculation. 
Medium  plates  are  kept  at  24  °C  packed  in  a  polyethylene  package  to  reduce  drying  of  substrate. 

Spores  of  A.  nidulans  strains  were  preserved  in  hydrous  silica  gel  particles.  A  single  grain  of 
silica  gel  stock  was  added  on  the  agar  medium  and  cultivated  at  24 '^C  to  develop  a  circular 

colony.  . 

Photographs  of  colonies,  illuminated  from  under  the  plates,  were  taken  using  a  35mm  camera 
with  black-and-white  films.  Dark  areas  seen  in  the  photos  indicates  the  area  where  conidia 
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(spores)  were  produced  densely. 


3.  GROWTH 

Generally  the  growth  occurs  at  the  apical  tip  (apical  growth).  Figure  1  shows  how  the  growth 
occurs.  The  growth  conditions  are  0.01  wt%  glucose,  0.15  wt%  agar  at  the  temperature  of  24°  C. 
In  23  days  after  the  inoculation,  one  of  many  branches  (see  figure  at  the  left  and  bottom  of  Fig.2) 
is  observed.  At  the  top,  there  are  many  thin  branches,  and  they  get  fat  without  extension  to  the 
outer  environments.  Suddenly  about  25  days  after,  one  of  the  branch  grows  and  get  fat  later 
again  (see  26  days  also).  If  you  look  at  28  days,  you  find  again  the  sudden  growth  of  a  branch 
among  many  ones. 


4.  PHASE  DIAGRAM 

4.1  General  Morphology  of  Aspergillus  oryzae 

Photographs  of  Aspergillus  oryzae  colonies  grown  with  various  glucose  and  agar  concentrations 
are  shown  in  Fig.2.  On  the  solid  agar  media,  colonies  become  thick  and  compact.  The  band 
shaped  colony  is  an  assembly  of  sub-colonies  as  clearly  seen  in  the  photographs  of  low  glucose 
cases.  The  front  shape  of  the  whole  colony  is  the  connection  of  the  front  lines  of  the  sub-colonies. 
These  sub-colonies  have  the  most  advancing  portion  in  the  middle  of  their  fronts,  exhibiting 
smooth  arch  shapes. 

At  high  glucose  concentration  (  ^  1  wt%),  thick  colonies  cover  the  medium  homogeneously, 
independent  of  the  medium  stiffness.  The  colony  growth  rate  is,  however,  higher  and  the  front 
is  rougher  for  the  colonies  on  solid  medium,  indicating  active  growth  at  the  front. 

Stiffness  of  the  agar  medium  causes  remarkable  morphological  change  of  the  colony. 
Roughening  of  front  and  ramification  of  whole  colonies  appear  on  the  soft  and  liquid-like  media 
(Fig.2).  On  the  liquid-like  media,  localization  of  growth  points  occurs  with  decreasing  glucose 
concentration.  At  very  low  glucose  condition  0.01  wt%,  only  strong  leading  hyphae  continue  to 
extend,  and  most  secondary  hyphae  seem  to  cease  growing  at  some  physiological  age.  The 
inactive  hyphae  are  seen  to  form  the  chains  of  conidia  at  their  apical  portions. 


303 


d 

o 

•  PB< 

d 

u 

d 

u 

d 

o 

U 

O 

9 

3 


0.5 


0.1 


0.05 


0.01 


0.15  0.3  1.5 

Agar  Concentration  (wt%) 


Fig.  2.  Aspergillus  oryzae  colonies  cultivated  on  the  media  with  various  glucose  and  agar 
concentrations.  The  cultivation  periods  for  colonies  on  liquid-like  media  (0.15  wt%  agar)  are  10 
days  for  5  wt%  glucose,  20  days  for  1  wt%  glu.,  20  days  for  0.5  wt%  glu.,  20  days  for  0.1  wt% 
glu.,  30  days  for  0.05  wt%  glu.,  and  30  days  for  0.01  wt%  glu.,  for  colonies  on  soft  media  (0.3 
wt%  agar)  are  10  days  for  5  wt%  glu.,  10  days  for  1  wt%  glu.,  10  days  for  0.5  wt%  glu.,  15  days 
for  0.1  wt%  glu.,  30  days  for  0.05  wt%  glu.,  and  30  days  for  0.01  wt%  glu.,  and  for  colonies  on 
solid  media  (1.5  wt%  agar)  are  8  days  for  5  wt%  glu.,  8  days  for  1  wt%  glu.,  8  days  for  0.5  wt% 
glu.,  8  days  for  0.05  wt%  glu.,  and  10  days  for  0.01  wt%  glu.,  respectively.  The  length  of 
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inoculation  line  is  approximately  55  mm  for  soft  and  solid  media. 

Hyphae  secretes  various  enzymes  to  decompose  and  absorb  nutrient  materials.  If  the  nutrients 
are  distributed  uniformly  in  the  substrates,  the  diffusion  of  nutrient  to  the  mycelium  or  the 
individual  hypha  must  be  one  of  the  important  factors  which  determine  the  mycelial  pattern 
formation.  In  our  experimental  conditions,  diffusion  of  glucose  must  be  easier  both  in  the 
medium  of  low  agar  and  high  glucose  concentration. 

However,  at  a  fixed  glucose  concentration,  low  stiffness  of  the  substrate  seems  to  be 
unfavorable  condition  for  mycelial  growth.  Selection  of  hyphal 

4.2  General  Morphology  of  Aspergillus  nidulans  mutant  A583 

One  of  the  most  interesting  patterns  of  Aspergillus  nidulans  is  shown  in  Fig.3.  The  ramified 
patterns  are  observed  in  the  solid  media,  i.e.,  1  wt%  and  2  wt%  agar.  Although  this  condition  is 
a  rather  favorable  for  A.  oryzae,  this  is  unfavorable  conditions.  In  such  a  situation  A.  nidulans 
takes  a  growth  manner  of  ramification  as  a  strategy  of  fungi.  In  a  poorer  condition  (lower  agar 
concentration)  the  growth  rate  of  A.  nidulans  is  very  slow,  rather  they  make  spore  in  the  central 
region. 


A.  nidulans  mutant  A583,  20d 


agar  1%  2% 


Fig.  3.  Aspergillus  nidulans  colonies  cultivated  on  the  media  with  various  peptone  and  agar 
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concentrations.  The  cultivation  period  for  all  cultivation  is  20  days. 

5.  CONCLUDING  REMARKS 

We  have  found  that  the  shape  response  of  the  Aspergillus  oaryzae  colonies  to  the  environmental 
conditions  ranges  from  Eden-like  to  DLA-like  ramified  patterns.  In  the  glucose-rich  case,  the 
colonies  generated  on  solid  agar  show  a  homogeneous  and  smooth  growth  front,  while  the 
colonies  on  a  semi-liquid  agar  show  a  ramified  front.  In  the  glucose-poor  case,  the  colony 
surfaces  become  rough  even  on  solid  agar,  while  the  colonies  show  a  DLA-like  ramified  form  on 
the  semi-liquid  medium.  There  are  many  combinations  of  these  various  motive  forces  for 
growth  and  therefore  we  can  find  a  lot  of  variations  of  growth  patterns  in  A.  oryzae.  As  seen  in 
the  above,  we  have  found  a  conflicting  force  for  growth,  such  that  solid  medium  is  advantageous 
for  homogeneous  growth  and  semi-liquid  medium  for  inhomogeneous  and  ramified  growth.  T^e 
growth  activities  are  decreased  when  the  stiffness  of  the  medium  is  reduced,  though  the  diffusion 
of  nutrient  is  active.  Most  of  colony  growth  processes  may  be  regarded  as  intermediate  between 
a  purely  homogeneous  growth,  like  the  Eden  process,  and  a  ramified  growh  due  to  selection  of 
growing  filaments,  analogous  to  the  situation  of  the  diffusion  limited  aggregation  (DLA)  process. 

In  the  case  of  A.  nidulans  mutant  A583,  the  growth  activity  is  relatively  weak  comparing  with 
the  wild  cell.  Therefore  we  have  observed  a  ramified  growth  even  in  the  favorable  condition  2 
wt%  agar  for  oryzae.  However  it  must  be  noted  that  the  nutrient  is  only  peptone  in  this  case,  and 
we  need  experiments  including  other  nutrient  materials 
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ABSTRACT 

Many  surfaces  eroded  by  ion-sputtering  have  been  observed  to  develop  morphologies  which 
are  either  periodic,  or  rough  and  non-periodic.  We  have  introduced  a  discrete  stochastic 
model  that  allows  to  interpret  these  experimental  observations  within  a  unified  framework. 
A  simple  periodic  pattern  characterizes  the  initial  stages  of  the  surface  evolution,  whereas 
the  later  time  regime  is  consistent  with  self-affine  scaling.  The  continuum  equation  describ¬ 
ing  the  surface  height  is  a  noisy  version  of  the  Kuramoto-Sivashinsky  equation. 

INTRODUCTION 

Surface  erosion  by  ion-sputtering  is  a  phenomenon  in  which  a  surprisingly  rich  variety  of 
surface  morphologies  are  generated,  depending  on  experimental  conditions  [1].  Topography 
features  can  be  found  at  all  length  scales,  and  from  the  technological  point  of  view  it  is 
very  important  to  understand  the  mechanisms  by  which  they  are  formed,  and  thus  gain 
control  on  the  final  morphology  of  the  bombarded  samples.  On  a  more  fundamental  level, 
the  different  morphologies  observed  constitute  interesting  examples  of  pattern  formation 
[2]  and  rough  surfaces  [3]  in  non-equilibrium  phenomena,  where  there  exists  an  interesting 
interplay  between  mechanisms  of  deterministic  and  stochastic  natures. 

Both  types  of  morphologies  (e.  g.  periodic  surfaces  and  rough  surfaces)  have  been  long 
known  to  occur  in  the  bombardment  of  amorphous  targets  at  low  energies.  Specifically,  in 
many  cases  a  pattern  is  generated  consisting  of  a  ripple  structure  [4],  aligned  in  directions 
either  parallel  to  or  perpendicular  to  that  of  the  bombarding  beam  of  ions.  On  the  other 
hand,  one  also  finds  in  similar  experimental  conditions  that  the  surfaces  generated  are  rough 
and  thus  display  self- affine  scaling  at  long  distances  and  long  times  [5].  An  outstanding 
question  is  then  how  to  reconcile  these  observations  with  the  formation  of  the  periodic 
ripple  structure. 

In  this  work  we  report  on  the  introduction  [6]  of  a  discrete  stochastic  model  that  allows 
to  understand  the  formation  of  a  periodic  pattern  and  the  kinetic  roughening  of  the  bom¬ 
barded  surface  in  an  unified  framework.  We  argue  that  the  continuum  equation  describing 
the  evolution  of  the  model  interface  is  a  noisy  version  of  the  Kuramoto-Sivashinsky  (KS) 
equation.  The  deterministic  KS  equation  [7]  appears  very  frequently  in  studies  of  pattern 
formation,  and  is  considered  as  a  paradigm  of  spatiotemporal  chaos  [2].  In  the  KS  sys¬ 
tem,  an  initially  flat  surface  evolves  into  an  almost  periodic  morphology.  At  later  stages, 
the  surface  roughens  in  a  fashion  consistent  with  the  Kardar-Parisi-Zhang  [8]  universality 
class  (for  a  one  dimensional  interface)  [10].  In  our  case,  the  relevant  continuum  equation 
differs  from  the  deterministic  KS  in  the  presence  of  a  noise  term  taking  into  account  the 
stochastic  nature  processes  occurring  in  the  system.  Nevertheless,  the  qualitative  behavior 
is  identical  with  that  just  described,  thus  permitting  to  understand  the  formation  of  the 
ripple  structure  and  of  the  rough  surfaces  in  the  ion-sputtered  system  as  different  stages  of 
a  same  dynamical  evolution. 
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PHYSICAL  MECHANISMS  IN  ION-SPUTTERING 


Here  we  discuss  briefly  the  main  physical  mechanisms  determining  the  evolution  of  an 
amorphous  target  bombarded  with  low  energy  ions  (typically  with  kinetic  energies  around 
1-10  keV). 

As  established  long  ago  by  Sigmund  [11],  the  sputtering  is  induced  by  cascades  of  colli¬ 
sions  among  the  atoms  of  the  solid,  triggered  by  the  incoming  ions  along  a  finite  penetration 
path  inside  the  target.  These  collisions  may  eventually  affect  an  atom  living  at  the  surface, 
which  may  be  ejected  leading  to  the  sputtering  event  proper.  The  value  of  the  average 
penetration  depth  a  depends  chiefly  on  the  ion/target  atom  mass  ratio  and  the  energy  of 
the  ions.  A  typical  value  for  a  is  100  A.  On  the  other  hand,  at  the  energies  considered,  the 
cascades  of  collisions  are  sufficiently  large  to  involve  many  atoms  (the  spatial  extent  of  the 
cascades  is  also  of  the  order  of  100  A),  but  sufficiently  small  to  be  accurately  described  by 
the  linear  cascade  theory  of  [11],  where  binary  collisions  are  supposed  to  take  place  between 
one  atom  at  rest  and  one  atom  in  motion.  This  approach  describes  rather  succesfully  the 
phenomenology  for  rates  of  erosion,  etc.  In  this  description,  the  velocity  of  erosion  at  one 
point  of  the  surface  can  be  taken  to  be  proportional  to  the  total  amount  of  energy  that  it 
gains  form  all  the  collisions,  thus  being  proportional  to  the  amount  of  target  solid  surround¬ 
ing  that  point.  As  noticed  by  Sigmund  and  later  ellaborated  on  by  Bradley  and  Harper 
[12],  this  leads  to  an  instability  in  the  system,  since  the  bottom  of  troughs  will  be  eroded 
faster  than  the  peaks  of  crests.  Phenomenologically,  on  the  other  hand,  it  is  known  that 
the  velocity  at  which  the  surface  recedes  at  a  point  depends  also  on  the  value  of  the  slope 
of  the  surface  there.  This  is  a  surface  effect  which  goes  beyond  the  approximations  made  in 
the  linear  cascade  theory,  where  an  infinite  medium  is  assumed.  A  finite  medium  has  the 
effect  of  a  lower  velocity  of  erosion,  which  is  usually  described  by  a  lower  sputtering  yield 
Y((^),  defined  as  the  number  of  eroded  atoms  divided  by  the  number  of  bombarding  ions. 
In  practice,  at  any  given  point  on  the  surface,  Y {(p)  depends  on  the  angle  of  incidence  p  of 
the  ions  trajectories  to  the  normal  direction  at  that  point.  The  smaller  p  is,  the  closer  is 
Y{p)  to  the  linear  cascade  prediction.  If  p  increases  from  zero,  there’s  a  finite  maximum 
value  for  the  yield,  beyond  which  more  and  more  ions  are  reflected  by  the  surface  itself,  and 
when  p  =  90°  one  has  Y{p  =  90°)  =  0.  For  a  generic  point  on  the  interface,  the  normal 
direction  will  not  coincide  with  the  normal  to  the  uneroded  surface,  but  will  be  determined 
by  the  value  of  the  slope  there. 

There  exists  a  physical  mechanism  that  counterbalances  the  instability  existing  in  the 
erosion  mechanism  described  above.  This  is  surface  diffusion,  which  tends  to  smooth  out 
surface  features.  Surface  diffusion  is  activated  by  temperature,  and  in  many  cases  (as 
typically  for  surfaces  grown  by  Molecular  Beam  Epitaxy)  can  be  considered  as  minimizing 
a  chemical  potential  proportional  to  the  surface  curvature  [13].  This  approach  is  possible 
in  a  coarse  grained  description  of  the  system  [14],  as  the  one  we  pursue  here,  in  which  the 
unit  length  is  set  by  the  finite  penetration  depth  (or  the  spatial  extent  of  the  cascades),  and 
therefore  goes  beyond  the  individual  atoms. 

In  the  above  discussion,  additional  effects  have  been  neglected,  such  as  the  shadowing  of 
some  surface  features  over  others  and  redeposition  of  the  eroded  material.  These  assump¬ 
tions  have  been  shown  to  be  consistent  with  the  early  stages  of  the  surface  evolution  [4]: 
the  late  roughening  is  again  consistent  with  them. 

Finally,  to  model  the  sputtering  phenomena,  one  has  to  take  into  account  that  in  general 
the  ion  beam  fluctuates  in  time  and  space.  This  can  be  described  by  assuming  that  at  each 
time  step  (through  which  the  average  flux  is  implicitly  fixed)  a  dynamical  process  takes 
place  at  a  randomly  chosen  location  along  the  interface. 
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Figure  1:  (a)  Sputtering  yield  y(^f)  as  a  function  of  the  angle  c/?.  (6)  Box  rule  for  erosion. 
We  define  as  the  number  of  occupied  neighboring  sites  (grey  squares)  inside  the  3x3 
box  centered  at  site  i  (black  square),  normalized  by  7.  The  examples  shown  correspond  to 
(i)  pe  =  1  and  (u)  pe  =  3/7. 


DISCRETE  MODEL 

To  define  our  model,  we  introduce  two  dynamical  rules,  one  to  account  for  erosion  and 
one  to  account  for  surface  diffusion.  The  model  for  the  case  of  1  +  1  dimensions  is  defined 
on  a  square  lattice  of  lateral  size  L,  with  periodic  boundary  conditions  in  the  horizontal 
direction.  The  initial  interface  is  a  horizontal  line  separating  occupied  sites  (below)  from 
empty  sites  (above).  We  choose  randomly  a  site  i  at  the  interface  where  i  —  1, . . . ,  T.  The 
chosen  site  is  subject  to  erosion  with  probability  p,  or  to  diffusion  with  probability  1  —  p, 
where  the  rules  are  as  follows: 

(i)  Erosion  (probability  p) —  We  compute  cp  =  tan“^[(Ai4.i  —  /ij_i)/2],  where  hi  is  the 
height  of  the  interface  at  site  z,  and  apply  the  erosion  rule  with  probability  Y[<p)^  as  given 
in  Fig.  la.  To  erode,  we  count  the  number  of  occupied  neighbors  inside  a  square  box  of 
size  3x3  lattice  spacings  centered  in  the  chosen  site  i  (box  rule).  We  empty  the  site  with 
an  erosion  probability  Pe  proportional  to  the  number  of  occupied  cells  in  the  box  (see  Fig. 
16).  Thus  the  box  rule  favors  the  erosion  of  troughs  as  compared  to  the  peaks  of  crests,  and 
therefore  is  the  source  of  the  instability  in  the  ion-sputtered  system. 

(ii)  Surface  Diffusion  (probability  1  -p)—  A  diffusive  move  of  the  particle  i  to  a  nearest 

neighbor  column  is  attempted  with  hopping  probability  W{_,j  =  |l  +  exp  , 

where  is  the  energy  difference  between  the  final  and  initial  states  of  the  move. 

Following  [14],  we  choose  H  ~  (•//2)  ■“ 

The  above  model  can  be  generalized  in  a  straightforward  way  to  the  physical  two  dimen¬ 
sional  case.  We  expect  the  results  to  be  qualitatively  similar  to  the  one  dimensional  case 
discussed  below.  An  additional  ingredient  in  2-1-1  dimensions  is  the  anisotropy  between  the 
two  substrate  directions  induced  by  the  bombarding  beam.  This  can  be  accounted  for  by 
imposing  a  finite  angle  of  incidence,  assumed  in  the  above  to  be  zero.  For  illustration,  we 
show  in  Fig.  2  the  result  of  two-dimensional  simulations  in  which  we  have  set  T((p)  =  1. 
In  Fig.  2a  an  isotropic  box  rule  has  been  used,  while  in  Fig.  26  the  box  does  not  count 
the  number  of  neighbors  in  one  of  the  two  directions.  Therefore,  the  surface  only  presents 
ripples  with  wavevector  parallel  to  that  direction  in  which  the  neighbors  are  counted  in  the 
corresponding  box  rule. 

DISCUSSION 

Next  we  consider  the  model  with  Y(<p)  shown  in  Fig.  la.  The  results  are  not  expected 
to  depend  strongly  on  the  specific  form  of  T(<p),  so  long  as  it  preserves  the  existence  of 
a  maximum,  and  y(0)  ^  0,  F(90°)  =  0  [15].  The  initial  stages  of  the  evolution  are 
dominated  by  an  instability  in  which  there  exists  a  maximally  unstable  mode  in  the  system, 
and  the  surface  looks  almost  periodic,  see  Fig.  3a.  Fig.  4a  displays  the  structure  factor 
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Figure  2:  Two-dimensional  simulations  with  In  Fig.  2a  an  isotropic  box  rule  has 

been  used,  while  in  Fig.  2b  the  box  does  not  count  the  number  of  neighbors  in  one  of  the  2 
directions. 


Figure  3:  {a)  Periodic  surface  morphology  for  initial  stages  (we  have  set  Y{ip)  =  1)  for 
T  =  50  and  t  =  1000;  (6)  rough  surface  morphology  for  L  -  2048  at  late  stages. 

S(k)  =  (h(k,t)h{-k,t))  at  the  onset  of  the  instability.  Here  h(k,t)  is  the  Fourier  transform 
of  hi(t)  -  h(t),  and  h{^  =  Ef=i  The  solid  line  in  Fig.  4a  is  a  fit  to  the  solution  of 

the  linear  part  of 


=  uV'^h-KV^h^r}{x,t)^  fY[h(x,t)],  (1) 

where  h(x^t)  is  the  height  of  the  interface  at  position  x  and  time  i/  is  a  negative  surface 
tension  coefficient,  ac  is  a  ■positive  coefficient  that  accounts  for  the  surface  diffusion,  and 
^{x^t)  is  a  Gaussian  noise  with  short  range  correlations  and  strength  2Z),  that  accounts  for 
the  fluctuations  in  the  ion  beam.  The  functional  /y[/i]  takes  into  account  the  contribution 
of  nonlinear  terms,  which  appear  in  the  equation  of  motion  due  to  the  effect  of 
itself  a  nonlinear  function  of  the  local  slope  VA  =  tanc/?  [16].  These  nonlinear  effects  are 
triggered  at  later  times  by  the  large  slopes  built  in  by  the  instability,  so  that  eventually  the 
interface  results  in  a  rough  morphology  (Fig.  36).  In  Fig.  46,  we  present  the  time  evolution 
of  the  total  interface  width  w\t)  =  ES=i(^i(0  “  brackets  denote  an 

average  over  realizations  of  the  noise).  We  observe  a  first  scaling  regime  [17]  W(t)  ~  t^\ 
with  /3i  =  0.38  ±  0.03,  consistent  with  the  linear  MBE  equation  [13,  14]  (which  is  (1)  with 
i/  =  /y  —  0)-  This  regime  is  followed  by  unstable  erosion  (/?2  >  0.5).  For  later  stages,  we 
find  Ps  =  0.23  ±  0.03,  consistent  with  the  scaling  of  the  EW  equation  [18]  (Eq,  (1)  with 
K  =  fy  =  0,  and  z/  >  0),  after  which  a  crossover  to  ~  0.28  ±  0.03  is  found.  Finally, 
the  width  saturates  due  to  the  finite  size  of  the  system.  Note  that  the  value  of  the  growth 
exponent  for  the  KPZ  equation  is  Pkpz  =  [8]*  As  we  see  in  Fig.  46,  there  is  a  long 

crossover  time  from  EW  to  KPZ  behavior,  responsible  for  the  difference  between  p^  and 
Pkpzi  s-nd  for  the  narrow  window  in  which  P^^  is  observed — we  find  that  the  width  of  this 
window  increases  systematically  with  L.  A  similar  phenomenon  is  well  known  to  occur  in  the 


310 


Figure  4:  (a)  S{k)  computed  for  a  system  with  L  —  2048.  For  t  =  300,  averaged  over  2600 
noise  realizations  (o),  and  for  t  =  1.7  x  10®,  averaged  over  39  realizations  (•),  see  arrows 
in  (6).  The  solid  line  is  a  fit  to  the  exact  solution  of  the  discretized  linear  part  of  Eq.  (1). 
The  dashed  straight  line  has  slope  -2;  (6)  W(t)  showing  the  regimes  of  the  evolution  for 
L  =  2048.  The  solid  line  is  the  consecutive  slope.  The  arrows  indicate  the  times  at  which 
the  structure  factor  is  displayed  in  (a). 


m 

Figure  5:  v{m)  as  a  function  of  the  average  tilt  m  of  the  interface,  calculated  in  the  saturated 
regime  for  L  =  128,  and  averaged  over  810  noise  realizations.  The  solid  line  is  a  fit  to  a 
parabola. 


deterministic  KS  equation  in  1+1  dimensions,  see  Sneppen  et  al.  in  [10].  At  saturation,  S{k) 
displays  the  small  momenta  behavior  S[k^  t)  ~  k~‘^  (Fig-  4a),  consistent  with  the  scaling  of 
both  the  EW  and  KPZ  universality  classes.  To  determine  if  a  KPZ  nonlinearity  is  present 
in  Eq.  (1),  we  compute  the  mean  velocity  u(m)  of  the  interface  in  the  saturated  regime  as  a 
function  of  an  average  tilt  m  =  {Vh)  imposed  by  using  helical  boundary  conditions.  If  we 
assume  that  the  relevant  nonlinearity  in  (1)  is  of  the  KPZ  type,  then  frik]  =  (A/2)(V/i)^. 
Taking  spatial  and  noise  averages  in  (1),  u  =  Uq  +  (A/2)m^,  where  Uq  is  the  velocity  of  the 
untilted  interface  [19].  The  parabolic  shape  of  v{m)  obtained  in  our  simulations  (see  Fig. 
5)  leads  to  the  conclusion  that  the  long  time  and  long  distance  behavior  of  the  model  falls 
into  the  KPZ  universality  class.  Moreover,  the  continuum  equation  describing  the  model 
ion-sputtered  surfaces  is  the  noisy  KS  equation 


dih  =  vV^h-KV%  +  ^{Vhf  +  ri(x,t).  (2) 

To  compare  the  dynamics  of  (2)  with  those  obtained  for  the  discrete  model,  we  have 
integrated  numerically  Eq.  (2)  in  1  +  1  dimensions  [6].  We  obtain  the  same  crossover 
behavior  for  (2)  as  for  the  discrete  model.  Consistent  with  these  numerical  findings,  the 
late  scaling  of  Eq.  (2)  has  been  shown  through  a  renormalization-group  calculation  [9]  to 
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be  that  of  the  KPZ  equation  in  1  +  1  and  2+1  dimensions.  Also,  recently  Eq.  (2)  has  been 
derived  for  the  present  model  through  a  master  equation  approach  [20]. 

Finally,  we  compare  the  results  of  the  model  with  observations  of  recent  experiments. 
The  experimental  development  of  a  ripple  structure  [4]  is  well  understood  in  terms  of  the 
unstable  linear  theory  of  ion-sputtering  describing  the  early  stages  of  the  time  evolution  of 
the  model  presented  here.  Moreover,  the  model  predicts  that  in  the  late  regime  the  large 
slopes  generated  by  the  unstable  growth  trigger  the  action  of  nonlinearities  which  stabilize 
the  surface.  The  nonlinearity  we  find  is  of  the  KPZ  type,  consistent  with  the  experimental 
observation  of  KPZ  scaling  reported  by  Eklund  et  al  [5].  To  confirm  the  above  picture,  it 
would  be  of  interest  to  study  experimentally  if  both  regimes  do  effectively  take  place  in  the 
time  evolution  of  the  same  physical  system. 
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ABSTRACT 

The  interaction  of  organic  additives  with  alumina  surfaces  was  studied  using  a  typical  tape 
casting  composition  for  alumina:  solvent  mixture  trichloroethylene/ethanol,  polyvinylbutyral 
(PVB)  as  binder  and  fish  oil  as  dispersant. 

The  characterization  of  the  single  components  revealed  why  the  dispersant  Menhaden  fish  oil 
has  such  excellent  dispersing  properties  for  colloids  and  slurries.  Menhaden  fish  oil  used  for 
wet-chemical  processing  was  found  to  be  a  chemically  polydisperse  polymer  with  a  dispersity  of 
D=45  (by  GPC)  and  a  molecular  weight  of  M^=28,000. 

The  investigation  of  the  interaction  in  the  highly  concentrated  colloidal  slurry  indicates  that 
the  high  molecular  weight  fraction  of  fish  oil  is  preferentially  adsorbed  and  that  an  onion  like 
supramolecular  structure  is  formed  by  the  ceramic  particle/dispersant/binder  system.  The 
sequence  in  this  nanostructure  can  be  controlled  by  the  sequence  of  addition  of  the  compounds 
and  is  guided  by  polymer  effects.  The  results  gained  on  powders  are  supported  by  experimental 
data  from  surface  plasmon  resonance  spectroscopy  (SPR). 


INTRODUCTION 

Optimum  properties  of  high-tech  ceramics  such  as  structural  or  fimctional  ceramics  can  only 
be  achieved  by  powder  metallurgy  processes  when  high  purity  powders  are  used.  These 
powders  with  an  average  particle  size  of  submicron  to  micron  tend  to  agglomerate  and  lack 
plasticity.  In  order  to  increase  the  processability  of  these  powders  and  the  overall  properties  and 
reliability  of  the  sintered  high-tech  ceramic,  organic  compounds  have  to  be  introduced.  For  wet- 
chemical  processing  such  as  tape  casting  and  slip  casting,  dispersants  (surfactants),  binders  and 
plastisizers  amongst  other  organic  compounds  are  used^ 

These  compounds  play  an  important  role  as  they  chiefly  control  the  reliability  of  the  sintered 
ceramic  part  as  well  as  influencing  its  microstructure  and  therefore  its  properties.  To  fiirther 
elucidate  the  function  of  these  organic  compounds  we  studied  a  typical  tape  casting  composition 
for  the  preparation  of  alumina  substrates. 

In  the  tape  casting  of  alumina  the  order  of  addition  of  the  organic  compounds  plays  an 
important  role  in  the  process.  Keeping  the  order  of  addition  as  dispersant  first  and  binder  second 
the  slurry  is  processable,  i.e.,  the  viscosity  can  be  controlled  in  the  desired  range  for  tape 
casting.  Changing  the  order  of  addition  to  binder  first  and  dispersant  second  yields  slurries  that 
are  too  viscous  to  be  tape  cast  although  nothing  else  has  been  changed. 

In  this  paper  we  will  present  experimental  data  that  suggests  that  the  above  described 
macroscopic  effects  are  very  likely  to  be  the  result  of  a  structural  change  at  the  molecular  level. 
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EXPERIMENTAL 


Compounds 

Menhaden  fish  oil  was  from  Spencer  Kellog,  USA.  Polyvinylbutyral  (PVB)  was  from  Hoechst 
AG,  Frankfurt,  Germany.  The  molecular  weight  distribution  (dispersity  D=  3.5)  was  determined 
by  size  exclusion  chromatography  (GPC)  in  tetrahydrofurane  (THF)  and  the  molecular  weight 
average  (M^=  113,000)  was  measured  by  light  scattering.  The  amount  of  alcohol,  acetate  and 
butyral  groups  were  determined  by  ^H-NMR-spectroscopy  giving  34.8,  0.9  and  64.3  atom%, 
respectively. 

The  azeotropic  mixture  of  trichloroethylene/ethanol  was  composed  by  mixing  ethanol  p.a. 
(99.9  %)  (Riedel  de  Haen,  Germany)  and  trichloroethylene  p.a.  (Merck,  Darmstadt,  Germany) 
Alumina  powder  A16  SG  was  from  Alcoa  (USA).  XRD  proved  it  to  be  pure  a-alumina  with  a 
BET-surface  of  the  as-received  powder  of  10.2  m^/g. 

Equipment 

GPC  was  done  in  THF  using  a  Waters  system  (WISP710B,  Pump  590,  UV-Vis-detector 
Soma  S-3702)  with  a  column  set  from  PL-Gel  (Germany). 

FTIR\DRIFT  measurements  were  done  on  a  Nicolet  FT  730-spectrometer  using  a  Spectratech 
diffuse  reflectance  unit. 

For  surface  plasmon  resonance  spectroscopy  (SPR)  a  10  nm  thin  layer  of  alumina  was 
synthesized  by  evaporation  of  aluminum  at  lO*^  mbar  of  oxygen,  layer  thickness  growth 
0.2  nm/s.  For  the  adsorption  studies  of  organic  compounds  on  the  synthetic  alumina  surfaces 
presented  in  this  paper,  a  solution  of  50  mg/ml  of  PVB  and  fish  oil  was  used.  Layer  thicknesses 
were  calculated  using  the  dielectric  constants  of  the  bulk  materials  and  assuming  a  simple  model 
in  which  a  block  of  the  bulk  material  is  attached  to  the  alumina  surface  containing  no  solvent. 
The  properties  of  the  synthetic  alumina  surface  were  intensively  studied.  Adsorption  of  surface 
probe  molecules  showed  that  comparable  surface  properties  were  achieved  for  the  synthetic 
alumina  as  for  the  A16  SG  alumina  powder. ^ 


RESULTS  AND  DISCUSSION 

The  Menhaden  fish  oil  used  in  the  tape  casting  of  high-tech  ceramics  was  characterized  by 
GPC,  FTIR  and  NMR.  Fig.  1  A  shows  the  GPC  of  the  as-received  fish  oil.  This  proves  that 
Menhaden  fish  oil  for  tape  casting  is  a  polymer  and  not  a  low  molecular  weight  compound.  The 
formation  of  polymer  in  this  oil  can  be  explained  as  follows:  fish  oil  used  for  wet  chemical 
processing  is  a  blown  oil.  Blown  oils  are  prepared  by  heating  the  fi-eshly  extracted  and  purified 
oil  from  the  fish  to  about  100°C  while  air  bubbles  through  for  about  seven  days.  This  causes  an 
autoxidation  reaction  to  start,  which  yields  oxygen  rich  functional  groups  such  as  carbonyls, 
alcohols  and  carboxylic  acids.  This  autoxidation  reaction  process  also  causes  polymers  to  be 
formed.^  Therefore,  as  shown  in  Fig.  1 A  Menhaden  fish  oil  is  a  polydisperse  polymer  (dispersity 
D=45)  with  a  molecular  weight  average  of  M^=28,000. 

On  contact  of  a  solution  of  Menhaden  fish  oil  in  trichloroethylene/ethanol  with  alumina 
powder,  fish  oil  molecules  start  to  adsorb.  Adsorption  isotherms  can  be  studied.  On  checking 
the  supernatant  solution  with  GPC  we  find  that  the  high  molecular  weight  part  disappeared 
(Fig.  IB).  Only  the  low  molecular  weight  part  of  fish  oil  is  still  available  in  the  solution.  This 
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indicates  that  the  high  molecular  weight  fraction  of  fish  oil  is  adsorbed  on  the  surface  of  the 
alumina  powder. 


Fig.  1:  GPC  of  Menhaden  fish  oil  as  used  in  tape  casting  for  alumina  A)  as  received  and  B)  in 
the  supernatant  solution  after  adsorption  onto  the  alumina  powder. 

Fractionation  of  the  polydisperse  fish  oil  can  be  explained  by  different  sizes  of  the  molecules. 
The  high  molecular  weight  fraction  has  a  much  higher  number  of  repeat  units  and  therefore 
multiple  interactions  with  the  alumina  surface  can  occur  for  the  larger  molecules.  The  smaller 
molecules  on  the  other  hand  have  only  a  few  or  just  one  functional  group  available  to  interact 
with  the  adsorptive  sites  on  the  surface.  On  comparison  with  polystyrene  standards  the 
molecular  weight  average  of  the  preferentially  adsorbed  high  molecular  weight  fraction  can  be 
calculated  to  be  M^=80,000  with  a  dispersity  of  D=10.  Additionally,  it  was  possible  to  show 
that  fish  oil  is  not  only  a  physically  polydisperse  polymer,  but  also  a  chemically  polydisperse 
polymer  containing  a  higher  number  of  double  bonds  and  carbonyl,  alcohol  and  carboxyl  groups 
in  the  high  molecular  weight  fraction  than  in  the  low  molecular  weight  fraction. ^ 


Fig.  2:  ER-spectra  of  A)  Menhaden  fish  oil  and  B)  Menhaden  fish  oil  adsorbed  onto  alumina. 
Spectrum  A  is  in  transmission.  Spectrum  B  is  a  subtraction  spectrum  of  two  DRIFT  spectra. 
The  DRIFT-spectrum  of  alumina  is  subtracted  from  a  DRIFT-spectrum  of  fish  oil  adsorbed  onto 
alumina. 
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IR-spectra  were  run  in  order  to  elucidate  the  interacting  moieties.  Fig.  2  shows  the  IR-spectra 
of  fish  oil  and  fish  oil  adsorbed  onto  alumina.  Fish  oil  shows  bands  for  alcohol  groups  at  3500 
cm"*,  bands  for  hydrocarbons  between  2850  and  3100  cm"*  and  a  strong  band  at  1743  cm"*  for 
carbonyl  and  carboxyl  moieties.  In  the  DRIFT-spectrum  of  the  adsorbed  fish  oil  (Fig.  2B)  a 
band  shift  and  an  increase  in  half-width  of  the  carbonyl  moiety  is  observed.  This  indicates  the 
interaction  of  alumina  with  carbonyls  via  hydrogen  bonding.  The  occurrence  of  a  new  band  at 
1585  cm"*  indicates  the  formation  of  carboxylates  that  interact  with  the  alumina  surface.  The 
sharp  aluminum  hydroxyl  band  at  3704  cm"*  is  shifted  to  a  weak  and  broad  band  at  lower 
wavenumbers.  This  also  indicates  the  interaction  of  the  surface  hydroxyls  of  alumina  with  the 
functional  groups  of  fish  oil  via  hydrogen  bonding  and  ionic  interactions. 

In  order  to  further  elucidate  the  influence  of  the  sequence  of  addition  of  the  dispersant/binder 
system  SPR-measurements  were  done.  Solutions  of  fish  oil  and  PVB  were  adsorbed  onto  a  thin 
layer  (10  nm)  of  alumina  on  silver.  The  results  are  shown  in  Fig.  3. 


Fig.  3:  Adsorbed  layer  thicknesses  of  fish  oil  and  PVB  in  trichloroethylene/ethanol  solution 
calculated  by  using  data  fi-om  SPR-measurements.  A)  Adsorption  of  fish  oil,  B)  PVB,  C)  first 
fish  oil  and  then  PVB,  D)  first  PVB  and  then  fish  oil. 

When  fish  oil  is  adsorbed  onto  alumina  a  layer  thickness  of  1.6±0.5  nm  is  formed.  Adsorbing 
a  solution  of  PVB  yields  a  layer  of  thickness  2.8±0.5  nm.  When  fish  oil  is  adsorbed  first,  and 
PVB  second,  a  layer  thickness  of  3.0±0.5  nm  is  achieved  that  is  about  the  same  thickness  as  for 
the  PVB  layer  only.  By  reversing  the  sequence  a  layer  of  4.5±0.5  nm  thickness  is  achieved, 
i.e.,  the  thickness  equals  the  sum  of  a  PVB-layer  and  a  fish  oil  layer. 

Fig.  3.  shows  a  possible  interpretation  for  the  adsorbed  layer  stmctures.  Reasons  for  this 
happening  can  be  found  in  polymer  physics:  when  the  first  polymer  is  adsorbed  a  dense  layer 
with  complete  surface  coverage  is  formed.  When  the  second  polymer  is  introduced  into  the 
solution  there  is  no  competition  for  the  adsorptive  sites  on  the  alumina  surface  as  intrusion  into 
the  first  layer  to  reach  the  surface  is  unlikely.  This  is  caused  by  the  non-miscibility  of  two 
different  polymers.  Therefore,  the  polymer  that  is  introduced  secondly  can  only  cover  the  first 
layer.  Therefore,  the  sequence  of  addition  causes  a  special  supramolecular  nano-structure  to 
form  that  can  be  described  similar  to  an  onion  containing  two  shells  around  the  particle. 

With  these  results  in  mind  a  model  describing  the  wet  chemical  ceramic  processing  can  be 
suggested  as  shown  in  Fig.  4. 
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Fig.  4:  Schematic  model  for  the  tape  casting  of  high-tech  ceramics.  When  the  dispersant 
Menhaden  fish  oil  is  added  to  the  slurry  a  first  polymer  shell  is  formed  covering  the  surface  of 
the  particle  (A).  The  binder  which  is  added  in  the  second  step  forms  another  polymer  shell 
around  the  particle.  Overall  an  onion-like  nano-structure  around  the  particle  is  achieved.  By 
reversing  the  sequence  a  different,  less  favorable  supramolecular  structure  is  yielded. 
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The  first  step  in  the  processing  (Fig.  4)  is  dispersing  with  breaking  up  of  agglomerates. 
Dispersants  like  fish  oil  help  this  process  by  covering  the  surfaces  with  a  polymer  monolayer, 
i.e.,  the  powder  particle  is  covered  by  a  first  onion-like  shell.  The  dispersing  polymer  molecules 
are  strongly  bound  to  the  surface  in  comparison  to  small  molecules  such  as  triglycerides.  In  the 
following  step  the  binder  PVB  is  added  so  a  castable  slurry  is  achieved.  With  the  above 
explanations  it  is  now  possible  to  conclude  that  the  binder  forms  a  second  layer  around  the 
particle  in  the  slurry,  i.e.,  a  second  onion  shell  is  formed. 

If  the  addition  of  the  dispersant  and  binder  is  reversed,  a  different  supramolecular  structure  is 
formed,  i.e.,  PVB  forms  the  first  inner  layer  on  alumina  whereas  fish  oil  forms  the  second  outer 
onion  shell.  This  supermolecular  structure  seems  to  be  less  favorable  as  tape  casting  with  the 
last  mentioned  type  of  slurry  does  not  yield  ceramics  of  acceptable  quality. 


CONCLUSIONS 

It  could  be  shown  that  a  macroscopic  effect  in  viscosity  and  poor  processability  that  is  caused 
by  reversing  the  sequence  of  addition  of  Menhaden  fish  oil  and  binder  PVB  is  very  likely  to  be 
caused  by  a  change  in  the  supramolecular  structure.  Whichever  polymer  is  added  first  to  the 
slurry  completely  covers  the  alumina  particle  surface.  Due  to  a  general  poor  miscibility  of 
different  polymers  this  first  adsorbed  polymer  layer  forms  a  barrier  for  any  other  polymer. 
Therefore,  the  polymer  that  is  added  secondly  cannot  intrude  into  this  first  layer  to  compete  for 
alumina  surface  adsorptive  sites.  This  then  causes  a  supramolecular  structure  to  form  in  the 
slurry  that  resembles  an  onion.  Finally,  the  particle  is  coated  by  two  polymer  shells  of  nano-size 
thickness.  The  type  of  nano-structure  can  be  controlled  by  the  sequence  of  addition  of  the 
polymers. 
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ABSTRACT 

Slow  relaxation  dynamics  in  strongly  coupled  systems  is  known  to  be  universally  described 
by  the  stretched  exponential  Kohlrausch  law.  However,  this  phenomenon,  observed  in  var¬ 
ious  condensed  systems,  still  eludes  a  comprehensive  microscopic  interpretation.  I  discuss 
here  the  relaxation  dynamics  in  an  equilibrium  dodecagonal  quasi  crystal  which  demon¬ 
strates  a  pronounced  stretched  exponential  behaviour.  The  quasicrystal,  simulated  by 
Molecular  Dynamics,  reveals  the  presence  of  dynamical  phason  disorder,  a  generic  form 
of  relaxation  dynamics  associated  with  incommensurate,  or  phason  degrees  of  freedom. 
This  dynamics  brings  about  a  novel  form  of  atomic  diffusion,  which  is  examined  here  by 
calculating  the  self  part  of  intermediate  scattering  function  Fs{Q,t).  The  latter  displays 
a  non-exponential  decay  which  is  found  to  be  described  by  the  Kohlrausch  law  with  the 
stretching  exponent  /?  =  0.47.  I  discuss  here  a  possible  similarity  between  the  dynamics 
of  quasicrystals  observed  and  that  of  supercooled  liquids  and  glasses. 

INTRODUCTION 

Kinetic  theory  identifies  coupling  between  the  diffusive  atomic  motions  and  the  density 
fluctuations  as  the  microscopic  mechanism  dominating  dynamics  of  condensed  systems. 
Due  to  the  pronounced  local  ordering  arising  at  high  densities  of  packing,  each  atom  finds 
itself  in  a  structural  cage  comprised  of  its  immediate  neighbours,  and  its  diffusive  dynam¬ 
ics  is  thus  defined  by  the  topology  of  local  structural  relaxations.  The  constraints  imposed 
on  the  atomic  dynamics  by  the  latter  would  manifest  themselves  in  a  deviation  from  the 
Pick’s  law  of  macroscopic  diffusion  observed  at  the  time  scale  that  is  characteristic  for  the 
microscopic  diffusion  mechanism  involved.  It  is  found  that  this  dynamic  regime,  referred 
to  as  a-relaxation,  can  be  universally  described  by  the  Kohlrausch  stretched  exponential 
law;  for  the  density  self-correlation  function,  Fs(Q,t),  describing  the  tagged  particle  dy¬ 
namics,  it  reads 


F,{Q,t)  =  Aexp[-{t/Tf]  (1) 

Scaling  behaviour  displayed  by  most  of  the  systems  [1]  confines  the  temperature  depen¬ 
dence  to  the  scaling  parameter  r,  whereas  /5,  which  quantifies  the  degree  of  stretching, 
is  a  constant  entirely  defined  by  the  diffusion  mechanism  involved.  Indeed,  the  varia¬ 
tions  of  (3  observed  in  liquids  approaching  the  slow  dynamics  regime  are  accompanied  by 
non- Arrhenius  behaviour.  The  presence  of  activated  hopping  was  found  to  considerably 
reduce  /?  as  compared  to  the  hydrodynamic-like  diffusion  [2].  However,  a  quantitative 
microscopic  interpretation  of  the  value  of  /3  in  terms  of  the  topology  of  local  fluctuations 
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remains  a  challenging  problem. 

I  present  here  a  detailed  description  of  the  atomic  kinetics  in  a  quasicrystal  simu¬ 
lated  by  the  Molecular  Dynamics  (MD),  which  demonstrates  a  pronounced  stretching 
behaviour.  Quasicrystals  possess  a  generic  form  of  structural  relaxation  dynamics  asso¬ 
ciated  with  incommensurate  or  phason  degrees  of  freedom  [3].  A  uniform  phason  shift 
results  in  a  set  of  configurations  which  belong  to  the  same  local  isomorphism  class.  There¬ 
fore,  it  is  a  continuous  macroscopic  symmetry,  and  its  breaking  leads  to  dynamical  modes 
(phasons).  The  phason  dynamics  can  arise  in  the  entropic  scenario  as  postulated  by  ran¬ 
dom  tiling  model  [4].  It  assumes  that  phason  flips  connect  degenerate  structural  units, 
thus  producing  a  large  configurational  entropy  with  the  maximum  at  zero  phason  strain. 
This  stabilizes  the  quasicrystal  structure  as  long  as  the  rate  of  phason  dynamics  is  high 
enough. 

An  important  aspect  of  phason  dynamics  is  that  the  local  atomic  motions  involved 
give  rise  to  a  novel  form  of  diffusion  [5,6],  which,  due  to  small  activation  energy  of  a 
phason  flip,  is  expected  to  be  much  faster  than  the  conventional  vacancy  driven  diffusion 
in  crystals  and  glasses.  An  intellectual  appeal  of  this  phenomenon  is  in  that  the  transpar¬ 
ent  geometry  of  phason  fluctuations  provides  a  clear  interpretation  of  the  relevant  modes 
in  terms  of  local  atomic  motion.  In  this  study,  phason  mediated  structural  relaxations 
as  well  as  the  related  atomic  diffusion  are  reported,  observed  in  a  Molecular  Dynamics 
simulation  (MD)  of  a  realistic  model  of  a  dodecagonal  quasicrystal  [7].  This  report  con¬ 
centrates  on  the  analysis  of  the  tagged  particle  dynamics  in  the  a-relaxation  regime  in 
terms  of  geometric  constraints  imposed  on  the  relevant  modes  by  the  structure  of  the 
quasicrystal. 

MOLECULAR  DYNAMICS  MODEL 

The  results  presented  here  have  been  obtained  in  a  MD  simulation  using  a  model  of 
a  dodecagonal  quasicrystal  [7]  comprised  of  16384  identical  particles.  It  is  based  on  a 
short-range  pair  potential,  conceived  to  favour  icosahedral  local  order  in  the  first  coor¬ 
dination  shell  [8] .  The  quasicrystal  has  been  formed  by  this  model  from  the  liquid  state 
as  it  was  undercooled  at  constant  density  p  =  0.84  below  its  apparent  melting  point  at 
T=:0.5  (  the  Lennard- Jones  reduced  units  are  adopted  in  this  simulation).  It  represents  a 
uniaxial  stacked  layered  structure  with  12-fold  symmetry.  Fig.  la  depicts  the  projected 
configuration  of  a  structural  layer;  It  is  composed  of  CN14  blocks  (hexagonal  antiprisms), 
seen  as  dodecagons  at  the  projection,  and,  by  connecting  their  adjacent  centers,  a  char¬ 
acteristic  tiling  is  produced.  Besides  squares  and  triangles,  characteristic  of  the  related 
Frank-Kasper  phases,  it  includes  30°  rhombi  and  3-fold  hexagons  (shields).  The  structure 
observed  demonstrates  a  close  consistency  with  the  dodecagonal  phases  formed  by  Ni-Cr 
and  V-Ni-Si  alloys  [9]. 

RESULTS 

Fig.  1  presents  the  dynamics  which  the  model  displays  at  reduced  temperature  T  =  0.48, 
where  it  is  found  to  remain  in  apparent  thermodynamical  equilibrium.  The  principal  ob¬ 
servation  is  a  considerable  rate  of  spontaneous  local  structural  rearrangements  resulting  in 
tile  flips,  which  can  be  seen  as  mutual  transformations  of  the  rhombi  and  the  shields.  Al- 
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though  changing  the  tiling  dramatically,  this  dynamics  does  not  violate  its  global  12-fold 
symmetry.  An  analysis  by  projection  method  [10-11]  associates  the  flip  with  a  fluctuation 
of  the  acceptance  region,  defined  in  the  phason  space;  hence  it  is  a  phason  fluctuation. 

Fig.  2  depicts  the  geomerty  of  a  rhombus-shield  flip.  In  projection,  the  atomic  mo¬ 
tions  producing  the  flip  are  seen  as  doubling  of  one  of  the  vertices.  This  corresponds  to 
a  collective  motion  of  four  atoms,  which  move  both  along  the  axis  an  apart.  It  is  impor¬ 
tant  to  note,  that  this  tranformation  involves  vacancies,  acting  as  catalyzing  agents.  The 
vacancies  restrict  axial  extent  of  flips,  and,  in  this  way,  their  presence  is  indispensable  for 
initiating  the  localized  phason  fluctuations  observed.  The  prohibitingly  high  energy  cost 
of  the  vacancy  creation  implies  that  the  phason  dynamics  must  preserve  their  number. 
Note  that  the  two  structural  blocks  involved  in  the  flip  contain  an  octahedron,  which  is 
topologically  moved  from  its  location  in  the  center  of  the  rhombus  to  the  center  of  the 
shield  [11].  Thus,  the  flip,  preserving  both  vacancies  and  octahedra,  is  degenerate  [12]. 


(a)  (b) 


FIG.  1.  (a)  A  configuration  of  a  layer.  Tiling  is  produced  by  connecting  the  adjacent  cen¬ 
ters  of  apparent  dodecagons,  (b)  Superposition  of  two  configurations  of  a  layer  separated 
by  10®  timesteps.  (c)  and  (d)  show  the  tilings  produced  from  these  configurations. 
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FIG.  2.  (a)  and  (b)  A  rhombus-shield  flip  as  viewed  from  the  axial  direction,  (c)  and  (d), 
respectively,  transformation  of  the  axially  oriented  configuration  in  the  flip.  The  flipping 
atoms  are  shaded  dark.  Enumerated  atoms  are  those  that  are  common  for  the  two  pairs 
of  configurations  shown. 

The  phason  flips  described  involve  recurrently  each  atom  in  an  uncorreiated  hopping, 
which  gives  rise  to  the  unbounded  diffusion.  For  sufficiently  large  times,  the  atomic  mo¬ 
tion  is  a  random  walk  with  asymptotically  linear  mean  square  displacement,  Fig.  3.  The 
temperature  variation  of  the  estimated  diffusion  coefficient  demonstrates  Arrhenius  be¬ 
haviour  in  the  temperature  domain  that  corresponds  to  the  stable  quasicrystal  phase,  Fig. 
4,  indicating  stability  of  the  diffusion  mechanism  involved.  Since  the  axial  component  of 
en  elementary  step  (Fig.  2)  along  the  axis  is  about  twice  as  large  as  the  transversal  one, 
the  diffusion  shown  in  Fig.  3  is  axially  anisotropic.  But  the  anisotropy  observed  is  well 
below  the  aforementioned  estimation,  indicating  that  the  diffusion  is  contributed  by  the 
isotropic  conventional  vacancy-driven  hopping.  Presumably,  this  is  mostly  confined  to 
the  distinct  defective  structure  region,  possessing  high  density  of  vacancies,  which  can 
be  observed  in  Fig.  1.  This  region,  separating  two  coherently  oriented  quasicrystal  do¬ 
mains,  can  be  identified  with  ’glue  phase’,  suggested  by  compartmentalization  model  of 
quasicrystal  structure  [13]. 

The  tagged  particle  dynamics  in  the  simulated  quasicrystal  was  probed  by  calculating 
the  incoherent  intermediate  scattering  function  Fs{Q,t).  Its  time  decay  for  the  Q  value 
corresponding  to  the  position  of  the  main  peak  of  S(Q)  is  shown  in  Fig.  5.  It  shows  an 
apparent  similarity  with  the  corresponding  curves  for  the  supercooled  liquid  and  glassy 
systems  [1].  The  initial  fast  decay,  describing  microscopic  atomic  motions,  is  followed  by  a 
time  window  of  the  ^-relaxation  regime.  In  the  diffusive  -relaxation  window,  the  function 
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is  found  to  be  agree  perfectly  with  the  Kohlrausch  law.  The  fit  produces  the  value  of 
stretching  exponent  ^  =  0.47,  which  is  much  below  of  what  is  observed  in  the  supercooled 
liquids  and  glasses  of  simple  constitution  [1]. 
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FIG.  4.  Arrhenius  plot  of  the  esti¬ 
mated  self-diffusion  coefficient 
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FIG.  3.  Mean  square  displacement. 
Solid  line,  axial  component;  dashed  and 
chain-dashed  lines  transversal  compo- 


CONCLUSIONS 

An  important  aspect  of  the  atomic  dynamics  in  the  quasicrystal  described  is  that  it 
is  driven  by  degenerate  flips  of  local  structural  units  which  appear  to  be  separated  by  a 
single  potential  barrier.  The  fact  that  this  dynamics  results  in  a  pronounced  stretching  of 
relaxation  times  indicates  that  one  need  not  associate  this  phenomenon  with  the  distribu¬ 
tion  of  energy  barriers;  rather,  it  appears  to  be  brought  about  by  the  relaxation  geometry. 
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The  anomalous  distribution  of  waiting  times  that  manifests  itself  in  the  non-exponential 
decay  arises  as  a  result  of  the  constraints  imposed  on  the  motion  of  the  flipping  units, 
which  suggest  an  analogy  with  the  Wiener  sausage  model  [14] .  A  similar  geometric  in¬ 
terpretation  can  be  thought  of  for  the  slow  dynamics  in  supercooled  liquids  and  glasses, 
at  least  in  those  of  simple  atomic  constitution.  Atomic  hopping  in  these  systems  can  be 
regarded  as  arising  from,  the  local  structural  flips  catalized  by  defective  local  units  walking 
around. 
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ABSTRACT 

Silane  films,  their  structure  and  stability,  are  of  great  interest  in  processes  such  as  flow  in 
porous  media,  mineral  flotation,  chromatography  and  corrosion.  Here,  the  structure  of  octadecyl 
thriclorosilane  (OTS)  films  on  glass  surfaces  is  studied  by  scanning  electron  microscopy  (SEM) 
and  atomic  force  microscopy  (AFM),  their  adhesion  properties  by  contact  angle  measurements 
and  adhesion  tests.  Complete  glass  surface  coverage  by  the  silane  is  attained  after  an  immersion 
time  tc  characteristic  of  the  OTS  compound.  The  time  evolution  of  the  OTS  films  regarding 
surface  coverage  is  monitored  by  SEM  with  a  BSE  detector,  by  measuring  the  OTS  film 
thicknesses  from  XPS  data,  by  AFM  and  by  contact  angle  measurement.  At  tc  the  structure 
of  the  films  changes  from  micromolecular  to  macromolecular.  Below  tc  the  glass  coverage  has 
a  fractal  geometry  and  various  degrees  of  hydrophobicity  are  possible.  At  t  >  tc  the  surface 
coverage  is  complete  and  the  contact  angle  achieved  a  well  defined  constant  value, 

INTRODUCTION 

Silane  coupling  agents  are  widely  used  for  preparation  of  hydrophobic  films  on  hydrophilic 
surfaces  [1-5].  However,  the  structure,  wettability  and  stability  of  these  films  are  still  an  im¬ 
portant  topic  of  study.  The  subject  is  of  great  industrial  interest  in  assessing  the  impact  of 
wettability  in  processes  such  as  flow  in  porous  media,  mineral  flotation,  chromatography,  cor¬ 
rosion,  etc.  Here  we  describe  the  structure  and  adhesive  properties  of  octadecyl  thrichlorosilane 
(OTS)  films  on  glass  slides. 

Complete  glass  surface  coverage  by  the  silane  is  attained  after  a  characteristic  immersion  time 
tc  in  OTS.  X-ray  photoelectron  spectroscopy  (XPS)  is  used  to  determine  surface  compositions. 
The  thickness  of  the  OTS  films  on  the  glass  surfaces  is  estimated  from  the  XPS  data.  Contact 
angles  and  adhesion  behavior  are  used  for  the  wettability  assessment  of  the  silane-treated  glass 
slides.  The  structure  of  the  OTS  films  as  a  function  of  the  immersion  time  in  OTS  is  monitored 
by  scanning  electron  microscopy  (SEM)  with  a  backscattering  secondary  electron  (BSE)  detector. 
Surface  coverage  is  evaluated  by  image  analysis  of  the  SEM-BSE  micrographs  after  digitization. 
In  addition,  the  samples  are  studied  by  atomic  force  microscopy  (AFM).  At  tc  the  structure  of 
the  OTS  films  changes  from  micromolecular  to  macromolecular.  Below  tc  the  glass  coverage 
has  a  fractal  geometry  and  various  degrees  of  hydrophobicity  are  possible.  The  silane  clusters 
are  compact  but  still  ramified.  At  t  >  tc  the  surface  coverage  is  complete,  the  contact  angle 
achieved  a  well  defined  constant  value,  and  the  adhesion  of  oil  to  the  silane  film  is  permanent. 

SAMPLE  PREPARATION 

Microscope  glass  slides  10  x  10  x  1  mm  were  used  as  solid  substrates.  The  glass  slides 
and  glassware  were  rigorously  cleaned  according  to  standard  procedures  [6,7].  The  degree  of 
cleanliness  of  the  glass  slides  and  glassware  was  determined  by  the  “steam  test”  described  by 
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Vig  et  al  [8],  and  by  measuring  water-receding  contact  angles.  IR  spectroscopy  was  used 
occasionally  to  verify  the  cleanliness  of  the  glass  slides.  Teflon  tweezers  were  used  in  the 
handling  of  the  slides.  When  necessary,  the  cleaning  procedure  was  repeated  until  satisfactory 
results  were  obtained. 

Octadecyl  thrichloro  silane  (OTS)  [CH3(CH2)i7SiCl3]  (synthesized  with  a  Grignard  type 
reaction)  was  used  for  glass  surface  modification.  Test  liquids  for  contact  angle  measurement 
and  adhesion  test  were  mineral  oil  and  brine. 

Silane  films  were  prepared  on  glass  slides  by  immersing  the  clean  substrates  in  the  OTS 
solution  for  varying  periods  of  time;  1  to  15  minutes,  followed  by  a  quick  withdrawal.  After 
reaction,  the  surfaces  were  rinsed  many  times  with  cyclohexane,  dried  at  100  °C  overnight,  and 
cooled  in  a  vacuum  desiccator.  The  slides  were  used  immediately. 


EXPERIMENTAL  METHODS 

The  OTS  films  were  characterized  by  X-ray  photoelectron  spectroscopy  (XPS).  The  XPS  data 
were  obtained  with  a  Leybold-Hereaus  equipment  with  a  LH-1 1  analyzer  using  a  source  of  Al 
(13  kV,  30  mA)  Ka  X-rays  for  sample  excitation.  The  base  pressure  was  below  1  x  10“^ 
mbar.  Data  collection  was  accomplished  with  a  microprocessor  interfaced  to  a  PC  computer. 
The  SPECS  GmbH  software  “Spectra  5”  was  used  for  processing  the  XPS  data. 

An  average  thickness  for  the  adsorbed  films  was  determined  from  the  XPS  data.  The  OTS 
film  thickness  was  estimated  by  the  relation  [9] 


where  Xc  =  0.08\/E  is  the  mean  free  path  for  the  Cls  photoelectron  [10],  E  is  the  kinetic 
energy  of  the  Cls  photoelectron,  Ic  is  the  measured  carbon  concentration  of  an  OTS-treated 
glass  and  is  the  carbon  concentration  of  an  infinitely  thick  film  of  OTS.  The  mean  free  path 
for  the  Cls  photoelectron  is  2.7  nm. 

Contact  angle  and  adhesion  behavior  were  used  for  the  wettability  assessment  of  treated  and 
untreated  glass  slides.  A  drop  of  mineral  oil  on  water-covered  silane-treated  glass  slides  was 
used.  Contact  angles  were  measured  within  ±1°.  After  contact  angle  measurement,  the  oil  drop 
was  slowly  retracted  from  the  substrate.  Two  behaviors  are  possible,  the  drop  detached  from  the 
surface,  indicating  that  non-adhesion  occurred,  or  the  drop  adhered  permanently  to  the  surface. 

Scanning  electron  microscopy  (SEM)  micrographs  were  obtained  with  a  ISI SEM  microscope 
with  a  backscattered  secondary  electron  (BSE)  detector  at  lOkV.  SEM  micrographs  allow 
visualization  of  structural  changes  of  the  OTS  films  as  a  function  of  the  immersion  time  of 
the  glass  in  the  silane  solution. 

In  addition,  we  used  atomic  force  microscopy  for  topographic  characterization  of  the  OTS- 
treated  glass  slides.  The  atomic  force  microscope  used  in  this  study  was  a  Nanoscope  II  (Digital 
Instrument).  High  resolution  (from  1  to  1000  nm)  and  medium  resolution  (from  100  to  14000 
nm)  OTS/glass  images  were  obtained.  We  used  the  conventional  contact  mode  AFM;  the  tip  of 
the  probe  is  simply  dragged  across  the  surface  and  the  resulting  image  is  a  topographical  map 
of  the  surface  of  the  sample.  AFM  images  were  obtained  at  ambient  conditions. 
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RESULTS  AND  DISCUSSION 


XPS  data.  Table  I  gives  the  atomic  surface  composition  of  the  OTS-treated  and  the  untreated 
glass  slides  as  determined  by  XPS  as  a  function  of  the  immersion  time  of  the  glass  in  the  silane 
solution. 

OTS  film  thickness  from  XPS  data.  Table  II  gives  the  OTS  film  thicknesses  computed  from  eq. 
1  and  the  XPS  data  reported  in  Table  I.  According  to  Table  II,  the  OTS  produces  layers  whose 
thicknesses  increase  from  0.19  nm  to  5.15  nm  as  the  immersion  time  increases  from  1  to  15 
min.  Below  ^  =  10  min  the  silane  partially  covers  the  glass  and  thus  the  thicknesses  reported 
in  Table  II  for  samples  M-1,  M-2  and  M-3  are  averages  only. 

Contact  angle  and  adhesion  tests.  The  contact  angle  has  been  offered  as  the  best  wettability 
indicator  when  pure  fluids  and  smooth  surfaces  are  used.  Table  II  summarizes  the  results  on 
equilibrium  contact  angles,  contact  angle  hystereses,  adhesion  behaviors  and  wettability  states. 


Table  I.  XPS  atomic  composition  (At%)  of  OTS-treated  and  untreated  glass  slides  as  a  function 
of  the  immersion  time  in  OTS. 


OTS 

M 

Samples 

M-1 

M-3 

M-6 

M-10 

M-15 

Immersion  time  (min) 

0 

1 

3 

6 

10 

15 

O 

1 

o 

- 

0.97 

1.97 

2.61 

- 

- 

C-H 

81.8 

4.79 

4.79 

58.28 

72.83 

85.01 

85.05 

0 

- 

65.92 

59.84 

18.47 

14.98 

7.99 

8.06 

Si-0 

- 

25.99 

30.72 

- 

- 

- 

- 

Si-CH 

4.6 

- 

- 

18.46 

10.52 

6.18 

6.08 

Ca 

- 

0.42 

1.32 

1.47 

0.95 

- 

- 

Na 

- 

0.47 

0.73 

- 

- 

- 

- 

s 

- 

1.4 

0.63 

- 

- 

- 

- 

Cl 

13.6 

- 

- 

- 

- 

- 

- 

Others 

- 

- 

- 

0.71 

0.72 

0.82 

0.81 

Sample  M-1 5  with  a  surface  carbon  content  of  85  At%  exhibits  an  equilibrium  contact  angle 
of  106°  indicative  of  an  oil  wet  surface.  Conversely,  sample  M  (clean  glass)  with  a  low  surface 
carbon  content,  less  than  5  At%,  exhibits  an  equilibrium  contact  angle  of  only  15°  indicative  of 
a  water  wet  surface.  Sample  M-1  also  with  a  low  surface  carbon  content  exhibits  a  contact  angle 
of  30°  characteristic  of  an  intermediate  wet  surface.  Sample  M-3  with  a  surface  carbon  content 
of  58  At%  and  an  equilibrium  contact  angle  of  60°  is  characteristic  of  a  weakly  oil  wet  surface. 
Contact  angle  and  surface  carbon  content  achieve  a  well  defined  value  after  a  characteristic 
immersion  time  of  10  minutes.  These  results  suggest  the  existence  of  strong  correlation  between 
the  surface  carbon  content,  the  equilibrium  contact  angle  and  the  immersion  time. 

The  adhesion  behavior  of  an  oil  drop  on  a  water-covered  surface  also  reveals  information  on 
the  wettability  state  of  the  surface  and  the  stability  of  the  silane  film  [6,7].  Upon  withdrawal 
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of  the  oil  drop  from  the  M-3,  M-6,  M-10  and  M-15  samples,  the  water  advancing  contact  angle 
increased.  A  thin  bridge  of  capillary-held  oil  developed  between  the  oil  dispenser  and  the  glass 
surface.  Eventually,  the  oil  bridge  becomes  unstable  and  collapses,  leaving  a  small  drop  of  oil 
anchored  to  the  solid  surface.  After  several  weeks  of  aging,  the  drop  remained  adhered  to  the 
solid  surface  revealing  strong  attractive  molecular-level  forces  which  first  act  to  thin  the  water 
film  and  then  to  break  it,  allowing  the  oil  to  contact  the  surface.  This  adhesion  behavior  is 
typical  of  strongly-oil  wet  surfaces. 


Table  II.  Equilibrium  contact  angles,  adhesion  behaviors  and  wettability  state  as  a  function  of 
the  immersion  time  in  OTS.  P:  permanent  adhesion  and  N:  non  adhesion,  WW:  water  wet,  WO: 
weakly-oil  wet,  OW:  oil  wet  and  I:  intermediate  wet. 


M 

Samples 

M-1 

M-3 

M-6 

M-10 

M-15 

Immersion  time  (min) 

0 

1 

3 

6 

10 

15 

Silane  film  thickness  (nm) 

- 

0.19 

2.54 

5.14 

5.15 

5.15 

Contact  angle 

15 

30 

60 

104 

106 

106 

Hysteresis^ 

0.17 

0.22 

0.29 

0.38 

0.58 

0.59 

Adhesion  behavior 

N 

N 

P 

P 

P 

P 

Wettability  state 

WW 

I 

WO 

OW 

OW 

OW 

Fractal  dimensionality 

- 

1.53 

1.69 

1.99 

2 

2 

^cos  Oadv  ~  cos  6rec,  :  advancing,  rec  :  receding 


Complete  withdrawal  of  the  oil  drop  was  observed  in  the  case  of  samples  M  and  M-1.  Stable 
thin  films  of  water  between  the  oil  drop  and  the  solid  surface  precluded  the  oil  from  contacting 
the  surface.  The  molecular-level  forces  are  repulsive  in  this  case,  thereby  they  act  to  stabilize  a 
relatively  thick  water  film.  This  non-adhesion  behavior  is  typical  of  strongly-water  wet  surfaces. 
OTS  surface  coverage  by  SEM  and  AFM.  The  first  column  of  Fig.  1  shows  typical  SEM 
micrographs  of  silane-treated  glass  slides.  Corresponding  AFM  images  and  profiles  are  shown 
in  the  second  and  third  columns  of  Fig.  1  respectively.  The  immersion  time  of  the  glass  slides  in 
the  silane  solution  increases  from  top  to  bottom  in  Fig.  1.  Complete  glass  surface  coverage  by 
the  silane  is  attained  after  an  immersion  time  4  between  6  and  10  min,  characteristic  of  the  OTS 
compound.  At  tc  the  structure  of  the  films  changes  from  micromolecular  to  macromolecular  as 
SEM  photos  in  Fig.  1  reveal.  Below  tc  the  silane  films  obey  a  fractal  structure  and  according 
to  the  contact  angle  measurements  various  degrees  of  hydrophobicity  are  possible.  At  t  >  tc 
the  surface  coverage  is  complete.  A  common  feature  to  all  AFM  images  shown  in  Fig.  1  are 
the  constituent  islands  of  the  silane  clusters  of  roughly  100  nm  in  diameter,  independent  of 
the  immersion  time.  This  value  is  also  suggested  by  the  AFM  profiles  shown  in  Fig.  1.  The 
SEM  micrographs  of  Fig.  1  were  digitized  and  their  corresponding  global  fractal  dimensions 
were  estimated  by  using  the  box  counting  theorem.  The  fractal  dimensionalities  obtained  are  for 
perpendicular  projections  of  the  SEM  photos  shown  in  Fig.  1.  For  sample  M-1  we  obtained  a 
global  fractal  dimension  dy  =  1,53.  The  silane  clusters  are  compact  but  still  ramified  as  in  any 
chemically-controlled  aggregation  process.  For  sample  M-2  we  obtained  a  global  fractal 
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dimension  df  =  1.69.  The  silane  clusters  begin  to  fill  the  glass  surface,  their  structures  are 
more  compact  with  only  minor  ramifications.  The  perpendicular  projection  of  the  SEM  photo 
for  sample  M-3  has  a  global  fractal  dimension  df  =  1.99.  A  single  silane  cluster  covers  the 
entire  surface.  According  to  the  corresponding  AFM  image  in  Fig.  1  the  constituent  islands, 
again  of  100  nm,  are  arranged  in  a  close  packing.  The  AFM  profiles  in  Fig.  1  indicate  that 
surface  roughness  decreases  as  the  immersion  time  of  the  glass  substrates  in  the  OTS  solution 
increases.  Above  4  the  profile  correspond  to  a  uniform  surface  coverage. 

The  basic  understanding  of  the  structure  and  the  adhesion  properties  of  OTS-treated  glass 
slides  reported  here  is  currently  being  applied  to  develop  a  better  understanding  of  the  influence 
of  surface  wettability  in  the  distribution  of  fluid  phases  in  porous  media. 

CONCLUSIONS 

The  structure  of  OTS-treated  glass  slides  has  been  characterized  by  XPS,  SEM-BSE  and  AFM, 
The  adhesion  behavior  of  the  silane  films  has  been  characterized  by  contact  angle  measurement 
and  adhesion  test.  The  results  indicate  the  existence  of  a  characteristic  immersion  time  tc  below 
which  the  structure  of  the  silane  films  is  self-similar  and  various  degrees  of  hydrophobicity  are 
possible.  At  t  >  tc  the  silane  covers  the  glass  surface  completely  and  the  structure  is  well 
defined  by  euclidean  geometry,  the  contact  angle  achieves  a  well  defined  constant  value,  and 
the  adhesion  of  oil  to  the  silane  film  is  permanent. 
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ABSTRACT 

The  formation  of  polycrystalline  Ge  clusters,  during  annealing  of  amorphous  Gel 
poly  crystalline  Au  bilayers,  has  been  studied  by  in-situ  transmission  and  scanning  electron 
microscopy.  The  experimentally  observed  generation  of  branching  patterns,  and  the  evolution 
mechanism  of  branches,  are  discussed  on  the  basis  of  finite  diffusion  length  aggregation  simulations. 

INTRODUCTION 

Branching  pattern  formation  during  crystallization  has  been  extensively  studied  for  last 
ten  years.  The  amorphous  Ge/polycrystalline  Au  bilayer  system  is  an  attractive  example[l-3],  in 
which  the  branched  growth  morphology  depends  strongly  on  experimental  conditions,  including 
annealing  temperature  and  Au  underlayer  thickness.  The  basic  reason  for  these  various 
morphologies  is  not  yet  understood. 

We  think  that  the  pattern  formation  should  be  explained  in  terms  of  Mullins-Sekerka 
instability  [4]:  e.g.  branching  can  take  place  if  local  mass  (or  heat)  transport  is  fast  enough  near  a 
perturbed  growth  front  to  overcome  stabilization  due  to  surface  tension.  Diffusion-limited 
aggregation  (DLA)  gives  a  limit  of  infinite  diffusion  length  and  no  surface  tension,  in  which  the 
perturbation  is  given  by  random  noise  arising  from  stochastic  processes  [5].  Once  these  branches 
have  been  generated,  their  evolution  creates  a  screening  effect:  diffusing  particles  are  preferentially 
trapped  at  growth  tips. 

Branch  generation  has  not  been  well  understood  experimentally.  We  reported  previously 
that  the  growth  morphology  strongly  depends  on  the  Au  thickness  [1],  and  that  branching  takes 
place  where  the  growth  front  is  pinned  by  some  Au  grains  in  the  underlayer  [6].  This  result 
suggests  that  the  microstructure  of  the  Au  underlayer  may  affect  growth  morphology  through 
generation  of  branches.  In  this  study  we  report  the  growth  behavior  of  Ge  clusters  on  Au 
underlayers  having  three  typical  grain  sizes.  The  three-dimensional  morphology  of  the  Ge  clusters 
is  also  investigated. 

Furthermore,  the  diffusion  length  is  finite  in  real  material  systems.  We  reported  that 
Ge-depleted  zones  surrounds  the  growing  clusters,  in  which  the  Au  underlayer  becomes  exposed 
[1].  Our  results  strongly  suggested  that  the  diffusion  length,  i.e.  the  widths  of  the  Ge-depleted 
zones,  dominates  the  growth  morphology.  We  examined  the  spatial  extent  of  the  diffusion  field 
by  scanning  electron  microscopy,  because  it  is  sensitive  to  chemical  species  on  the  surface,  as 
well  as  to  surface  topography.  In  addition  we  studied  the  effect  of  the  diffusion  length  on  the 
growth  morphology  from  a  point  seed  by  finite  diffusion  length  (FDL)  simulation. 

Finally  we  discuss  the  relation  between  the  microscopic  branch  generation  mechanism 
and  the  macroscopic  evolution  mechanism,  taking  into  account  the  three-dimensional  morphology 
of  the  Ge  clusters. 


EXPERIMENTAL  AND  COMPUTATIONAL  METHODS 

Ge/Au  bilayer  films  were  deposited  onto  NaCl  substrates  by  ion  beam  sputtering  at  room 
temperature.  Prior  to  deposition  of  Ge,  Au  layers  were  annealed  at  different  temperatures  for 
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various  times  to  control  the  microstructure  of  Au  layers.  The  microstructure  of  the  films  was 
examined  mainly  by  transmission  electron  microscopy  (TEM).  We  also  used  scanning  electron 
microscopy  (SEM),  because  diffraction  contrast  in  TEM  images  makes  it  difficult  to  observe  the 
diffusion  field  clearly  when  the  Au  layer  is  thick.  In-situ  annealing  experiments  were  done  in 
both  TEM  and  SEM  on  selected  specimens. 

A  principle  of  finite  diffusion  length  aggregation  has  been  described  by  Smith  et  al.  [7], 
While  particles  come  from  infinitely  far  away  from  a  cluster  in  the  DLA  model,  diffusing 
particles  start  from  an  envelope  that  is  a  finite  distance  away  from  a  cluster.  We  think  that  this  is 
a  good  approximation  for  previous  experimental  results  of  the  diffusion  field.  The  simulations 
were  done  for  800x800  square  lattices,  on  which  a  point  seed  was  placed  at  an  origin.  We 
simulated  four  predefined  diffusion  lengths  (1=2, 5,  10, 30  lattice  constants).  The  density-density 
correlation  function  was  calculated  by  a  method  based  on  fast  Fourier  transform  (FFT).  The 
"box-counting"  method  was  commonly  used  in  previous  studies,  though  statistical  accuracy  was 
low.  We  can  evaluate  pair-correlations  between  growth  tips  by  this  FFT-based  method.  However, 
the  raw  data  obtained  also  contains  correlations  between  two  points  inside  and  outside  of  the 
mask.  In  order  to  avoid  this  edge  effect,  we  normalized  the  raw  data  (c„^,(r))  with  the  correlation 
obtained  for  the  circle  as  large  as  masks  used  for  FFT  (Cri„,e(r)).  The  same  method  was  used  on 
the  experimentally  observed  Ge  clusters  . 

RESULTS  AND  DISCUSSION 

Fig.l  shows  density-density  correlations,  obtained  from  TEM  images  of  the  clusters 
grown  on  surface  of  Ge(lOnm)/  Au(Xnm):[X=(a)2,  (b)10,  (c)50nm].  Original  TEM  images  have 
been  shown  in  fig.l  of  Ref.l.  Density  of  branches  decreases  with  increasing  Au  underlayer 
thickness.  The  slope  of  the  density-density  correlation  becomes  zero  above  a  "characteristic 
length",  shown  by  arrows.  Below  the  characteristic  length,  the  density-density  correlations  shows 
power-law  decay,  and  their  slope  was  almost  as  large  as  the  value  obtained  for  DLA  clusters,  i. 
e.  about  -0.3,  Hence,  the  present  result  indicates  that  the  clusters  are  non-fractal,  although  we 
described  this  density  change  as  a  change  of  fractal  dimension  in  the  previous  paper  [1].  We 
think  that  the  characteristic  length  corresponds  to  the  average  spacing  between  branches.  As 
previously  mentioned,  we  reported  that  the  branches  grow  through  tip-splitting  due  to  the  local 
pinning  of  the  growth  front.  This  suggests  that  Ge  clusters  grow  preferentially  along  microgrooves 
formed  on  the  Au  underlayer.  Morphological  changes  which  depend  on  the  Au  underlayer 
thickness  may  therefore  be  explained  in  terms  of  grain  size  in  Au  underlayers,  because  the  grain 
size  generally  increases  with  increasing  the  film  thickness. 


Fig.l  Density-density  correlations  obtained  from  TEM  images  of  the  clusters  grown  on  surfaces 
of  Ge(lOnm)  /  Au  (Xnm):  [X=  (a)  2nm,  (b)  lOnm,  and  (c)  50nm]  [1] 
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Fig.  2(a-c)  shows  TEM  images  of  annealed  Au  underlayers,  showing  that  the  grain  size 
increased  as  a  result  of  the  heat  treatment.  Typical  grain  sizes  in  Fig.  2(a-c)  are  50,  70,  150nm, 
respectively.  After  lOnm  of  Ge  was  deposited,  three  specimens  were  put  into  a  vacuum  furnace 
together,  and  were  annealed  at  200°C  for  3hours.  Fig.2  (d-f)  shows  corresponding  crystallization 
patterns  observed  by  SEM.  Since  nucleation  density  decreases,  the  clusters  grew  bigger  with 
increasing  the  Au  grain  sizes.  In  fig.2(f),  interesting  morphological  transition  was  observed 
during  the  growth.  The  cluster  shape  is  almost  circular  at  the  beginning,  and  after  it  turned  to 
branched  growth.  Fig.  3  shows  the  surface  topography  of  the  cluster  in  fig.2(f).  The  thickness  of 
the  central  region  is  smaller  than  that  of  the  outer  branched  arms.  This  can  be  understood  in 
terms  of  mass  conservation.  Since  the  area  covered  by  Ge  decreases  after  branching  takes  place, 
the  height  of  the  cluster  must  increase.  This  also  means  that  diffusion  length  is  not  long  enough, 
in  comparison  with  the  cluster  diameter,  to  screen  the  diffusion  atoms  at  the  initial  stage.  We 
also  confirmed  that  the  height  of  the  clusters  increased  with  increasing  Au  grain  size.  As  a  result, 
the  Ge  diffusion  zone  widened,  as  described  below.  The  growth  tip  of  the  Ge  cluster  is  quite  flat, 
maybe  due  to  good  wettability  between  Au  and  Ge  [flg.3(b)].  It  is  also  seen  that  the  growth  front 
is  pinned  by  coarse  Au  grains.  However,  the  roughness  of  the  Au  layer  is  considerably  smaller 
than  the  Ge  grain  height.  Further  studies  should  be  made  on  this  point. 


Fig.  2  TEM  bright  field  images  of  Au  (50nm)  underlayers  [  (a)  as-deposited,  (b)  annealed  at 
200°C  for  3  hours,  (c)  annealed  at  400°C  for  3  min]  and  (d-f)  corresponding  crystallization 
patterns  of  lOnm  Ge  deposited  onto  Au  layers  (a-c).  The  crystallization  was  carried  out  at  200°C 
for  3  hours. 
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Fig.  3  Surface  topography  of  the  Ge  cluster  shown  in  fig.2(c).  (a)Whole  view  of  the  cluster  and 
(b)  high  magnification  image  of  a  growth  tip. 

Fig.4  shows  SEM  photographs  of  clusters  during  growth,  on  which  calculated  equi-potential 
lines  are  imposed.  The  Ge  diffusion  zone,  where  the  Au  underlayer  is  exposed,  shows  brighter 
contrast  than  Ge  phases,  because  of  high  secondary  electron  emission  from  Au.  The  diffusion 
zone  separates  the  crystalline  clusters  from  the  amorphous  phase.  Hence,  we  think  that  random 
successive  nucleation  mechanism,  in  which  direct  contact  between  amorphous  and  crystal  is 
assumed,  is  not  applicable  for  this  growth  [2,  3].  When  spacing  between  two  neighboring  branch 
is  large,  the  diffusion  zone  is  wide.  This  means  that  the  branch  density  is  determined  by  the 
diffusion  length.  It  is  also  important  to  analyze  the  periphery  of  the  diffusion  field  on  the  basis  of 
diffusion  equations.  The  periphery  should  be  related  to  an  equi-potential  line  of  Ge.  We  couldn't 
measure  concentration  profile  of  Ge  in  the  diffusion  zones.  Instead,  we  solved  Laplace  equation 
numerically  around  the  clusters  by  the  successive  overrelaxation  method  [8].  The  same  type  of 
calculation  has  been  done  for  DLA  aggregates  by  Family  et  al.  [9].  We  assumed  ideal  chemical 
potential  that  is  zero  at  the  cluster  edge,  and  is  1  at  the  edge  of  a  800x800  square  lattice.  The 
lattice  size  is  three  times  as  big  as  the  diameters  of  the  digitized  clusters.  This  is  large  enough  to 
avoid  any  unexpected  edge  effect.  We  can  see  that  the  calculated  equi-potential  line  qualitatively 
fits  the  periphery  observed  in  SEM  photographs.  The  potential  gradient  is  small  between 
neighboring  branches  (screening  effect),  and  is  large  near  growth  tips  (preferential  trapping). 
This  is  an  evidence  that  the  long-range  diffusion  field  dominates  the  cluster  morphology 


Fig.4  Scanning  electron  micrographs  of  clusters  surrounded  by  Ge-depleted  diffusion  zone. 
Equi-potential  lines  calculated  are  imposed  on  the  photographs,  (a)  Ge(10nm)/Au(10nm),  (b) 
Ge(lOnm)/  Au  (lOnm) 
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Fig.5  shows  typical  morphology  of  the  clusters  composed  of  10000  particles  generated 
by  the  simulation  (only  a  quarter  of  each  cluster  is  shown),  and  the  corresponding  density-density 
correlations.  The  gray  regions  surrounding  the  clusters  are  diffusion  zones.  The  diffusion  particles 
start  from  periphery  of  these  zones.  The  branch  density  decreases  with  increasing  diffusion 
length.  This  means  that  the  averaged  branch  separations  are  roughly  twice  the  diffusion  length, 
as  found  previously  [7].  The  density-density  correlations  shows  power-law  decay  in  ranges 
shorter  than  the  predefined  diffusion  length;  however,  the  slope  becomes  zero  above  the  diffusion 
length.  The  appearance  of  the  plateaus  agrees  with  the  experimental  results  qualitatively.  The 
periphery  of  the  diffusion  zones  agrees  qualitatively  with  the  equi-potential  lines  calculated  by 
the  method  described  above. 

However,  simulation  results  cannot  be  compared  with  experiments  directly.  While  the 
slopes  of  correlations  change  at  predefined  diffusion  length  in  the  simulation  results,  the 
experimental  transition  length  shown  in  fig.l  are  longer  than  the  widths  of  the  diffusion  zone. 
This  may  be  due  to  the  fact  that  the  surface  tension  is  assumed  to  be  zero  in  the  simulation  We 
probably  have  to  take  into  account  another  characteristic  length  concerning  surface  tension  or 
local  pinning  effect  to  reproduce  the  experimental  results  more  closely.  Furthermore,  in-situ 
observation  of  the  growth  showed  that  the  width  of  the  diffusion  zone  increased  with  increasing 
cluster  size  during  the  growth ,  because  of  mass  conservation  of  Ge,  This  kind  of  mass  conservation 
condition  should  be  also  introduced  to  the  FDL  simulations  to  get  better  reproduction  of  the 
experimental  data. 


r(pixels) 
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Recently  Roder  et  al.  reported  that  similar  growth  morphology  is  formed  in  metallic 
sub-monolayer  growth  systems,  which  can  be  regarded  as  real  two-dimensional  systems  [10],  In 
contrast,  the  clusters  observed  were  three-dimensional  in  this  study.  The  clusters  were  composed 
of  Ge  crystallites  larger  than  several  tens  of  nanometers  in  diameter.  This  kind  of  three-dimensional 
morphology  of  the  Ge  clusters  has  not  been  taken  care  of  in  previous  studies.  The  pattern 
formation  is  explained  in  terms  of  the  long-range  diffusion  field  from  a  macroscopic  viewpoint. 
However,  the  spatial  extension  of  the  diffusion  field  itself  is  determined  by  the  width,  height, 
and  spacing  of  the  branches.  Thus,  we  have  to  take  into  account  the  three-dimensional  morphology 
to  understand  the  mass  conservation. 

CONCLUSIONS 

We  investigated  pattern  formation  mechanism  of  the  branching  Ge  clusters  during 
crystallization.  The  Ge  branches  grow  along  the  microgrooves  on  the  Au  underlayer  surface. 
Hence,  curvature  of  the  Ge  growth  front  and  widths  of  the  branches  increases  with  increasing  the 
Au  grain  size  as  a  result  of  the  "local  pinning  effect".  The  extended  growth  tip  is  evolved  by  the 
screening  effect  in  Laplace  field  surrounding  the  cluster.  The  branch  density  decreased  with 
increasing  diffusion  length.  This  tendency  was  also  confirmed  by  simulation  of  finite  diffusion 
length  aggregation. 
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ABSTRACT 

The  near-surface  infrared  spectral  changes  that  occurred  on  a  commercial  soda-Iime- 
silicate  glass,  which  was  heat  treated  in  S02/H20/air  atmospheres,  were  measured,  in  the  region 
1200  to  600  cm  ‘,  using  attenuated  total  reflectance  Fourier-transform  infrared  (ATR-FTIR) 
spectroscopy.  Sets  of  spectra  were  taken  at  different  angles  of  incidence  of  the  infrared  beam 
corresponding  to  successive  penetration  depths  on  the  surface,  hence,  giving  a  surface  spectral 
profile.  It  was  found  that  the  Si-O-Si  vibrational  band,  observed  in  the  region  100  cm  \  is  the 
most  affected;  with  increasing  depth  the  band  becomes  weaker,  depending  on  the  treatment 
temperature  and  water  content  in  the  treatment  atmosphere.  The  two  different  sides  (the  side  in 
contact  with  the  tin  bath  (tin  side)  and  the  opposite  side  (air  side))  were  determined  to  have  a 
different  character  as  a  result  of  the  dealkalization  treatments. 

INTRODUCTION 

Exposure  of  glass  surface  to  SO2  at  temperatures  in  the  annealing  range  improves  the 
chemical  resistance  and  mechanical  behavior  of  silicate  glasses  containing  alkalis  or  alkalis  and 
alkaline-earths  [1-4],  The  dealkalized  glass  surface  corresponds  to  a  Type  II  surface,  as 
described  by  Hench  and  Clark  [5],  which  is  defined  as  one  that  possesses  a  silica-rich  protective 
film  due  to  selective  alkali  ion  removal.  The  net  effect  in  the  process  is  the  removal  of  alkali  near 
the  surface,  which,  after  reacting  with  sulphur  oxide,  remains  in  the  form  of  micro-crystallites  of 
alkali-sulfate  on  the  surface,  referred  to  as  the  bloom  (Na2S04  forms  as  the  main  constituent  of 
the  bloom).  Treatment  temperatures,  as  well  as  the  presence  and  concentration  of  water  in  the 
treatment  atmosphere,  have  a  big  influence  on  the  extraction  of  the  alkalis  [1,3]. 

Analytical  surface  characterization  techniques  have  been  quite  useful  in  describing  the 
formation  of  the  surface  silica-rich  layer  as  a  result  of  SO2  treatments  [6].  Internal  reflection 
spectroscopy  (IRS)  has  been  used  as  a  method  of  obtaining  absorption  spectra  of  species  that  are 
located  at  the  surface  of  a  sample.  However,  not  much  has  been  done  in  the  field  of  glass 
research  [7]  to  characterize  the  surface  structural  formation  using  the  ATR-FTIR  spectral 
technique.  The  method  seems  promising  for  giving  knowledge  about  the  surface  structural 
changes  that  are  occurring  at  different  depths  of  the  sample  surface.  Hence,  a  surface  "structural 
profiling"  is  possible  with  this  technique.  The  objective  of  this  study  is  to  perform  an  ATR-FTIR 
spectral  analysis  on  a  commercial  soda-lime-silicate  float  glass  surface  in  its  as-received  state  and 
treated  with  SO2.  The  aim  is  to  investigate  the  structural  changes  that  are  taking  place  on  the 
surface,  as  a  function  of  the  depth,  for  the  different  applied  dealkalization  conditions. 

EXPERIMENTAL  PROCEDURES 

A  commercial  soda-lime-silicate  float  glass  (provided  by  Ford  Motor  Co.)  was  used  to 
investigate  the  effects  of  SO2  treatments  on  the  surface  properties.  The  dealkalization  treatments 
were  performed  in  a  fused  silica  tube  furnace.  Glass  samples,  cut  to  a  size  of  5x4cm  from  plates 
that  were  0.4cm  thick,  were  treated  at  500  and  600°C  (which  were  determined  to  be  below  and 
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above  the  glass  transition  region,  respectively,  by  differential  scanning  calorimetry)  for  36 
minutes.  Temperature  variation  along  the  glass  surface  was  ±2°C.  Appropriate  gas  mixtures  were 
obtained  by  mixing  SO2  with  dry  and  wet  air.  Water  in  the  atmosphere  was  obtained  by  bubbling 
air  through  distilled  water  that  was  heated  to  -60“C.  SO2  gas  flow  was  kept  at  around  4-6%  of 
the  flow  of  air  during  the  treatment  period.  Both  surfaces  of  the  float  glass  (i.e.,  the  side  in 
contact  with  the  tin  bath  during  the  float  process  and  the  opposite  side)  were  treated  under  the 
same  conditions.  The  bloom  formed  on  the  surface  after  treatment  was  washed  away,  and  the 
surface  was  cleaned  further  by  carefully  wiping  the  surface  of  any  organic  contaminants,  using 
methyl  alcohol,  prior  to  placing  the  sample  in  the  ATR  sample  holder. 

The  ATR-FTIR  spectra  were  obtained  using  a  Nicolet  60SXR-FTIR  spectrometer  at  4 
cm'^  resolution  with  a  variable-angle  (30°  to  60°  range)  ATR  attachment,  in  the  1200  cm  '  to  600 
cm  ’  wave  number  region.  A  KRS-5  internal  reflection  element  (IRE),  which  has  a  refractive 
index  of  2.4,  was  used  with  the  attachment.  The  sample  surfaces  to  be  investigated  were  placed 
on  the  two  sides  of  the  IRE.  A  good  physical  contact  between  the  sample  surface  and  the  ERE 
was  achieved,  since  float  glass  has  a  flat,  smooth  surface.  The  details  of  the  principles  of  internal 
reflection  spectroscopy  have  been  discussed  elsewhere  [8]. 

Depth  of  penetration  (dp)  of  the  infrared  beam  into  the  sample  surface  is  defined  by  the 
following  relation  [8]: 


^  27cni[sin^0-(n2 /ni)^]’^^ 

where  X  is  the  wavelength  of  infrared  radiation,  nj  is  the  refractive  index  of  IRE  (2.4  for  KRS-5), 
n2  is  the  refractive  index  of  the  sample  (1.51-1.52  for  soda-lime-silicate  glass),  and  6  is  the  angle 
of  incidence  of  the  infrared  beam.  In  general,  penetration  depth  decreases  as  the  angle  of 
incidence  increases.  The  theoretical  penetration  depth  of  the  infrared  beam,  according  to  the 
above  relation,  was  calculated  to  be  in  the  1.1 -6.4  pm  range,  for  the  incidence  angles  in  the  range 
54'’-4r.  However,  it  should  be  noted  dealkalization  would  cause  a  variation  in  the  refractive 
index  due  to  changes  in  the  alkali  content  and  incorporation  of  protons  on  the  surface  of  the  glass. 
In  addition  to  this,  the  refractive  index  of  the  surface  would  also  change  with  the  change  in  the 
wavelength  in  the  infrared  region  [7].  Due  to  these  reasons,  deviations  from  the  theoretically 
calculated  depth  of  penetration  should  be  expected. 

RESULTS  AND  DISCUSSION 

ATR-FTIR  spectra  of  the  tin  and  air  sides  of  the  as-received  glasses,  for  the  different 
angles  of  incidence  of  the  infrared  beam,  are  illustrated  in  Figures  1  (a)  and  (b),  respectively.  The 
spectra  show  bands  of  different  intensity  that  appear  at  around  1160,  1100,  1030-1050,  870  and 
760  cm  '.  The  assignments  of  these  bands  to  their  characteristic  vibrational  features  are  given  in 
Table!  Table  II  lists  the  individual  band  position  of  Si-0- Si  vibrations  for  the  different  angles 


Table  I:  Assignment  of  infrared  bands  of  soda-lime-silicate  glass 


Wavenumber  (cm ') 

Assignment 

Type  of  vibration 

References 

1160-1140 

SiOj- 

Polymerization 

6,9 

1100 

Si-O-Si 

Antisymmetric  stretching 

10-13 

1050-1030 

Si-0 

Stretching  of  Si-0  Na^  (NBO) 

10-13 

900-860 

Si-OH 

Stretching  of  Si-OH 

6 

770-730 

Si-O-Si 

Symmetric  stretching 

10-13 
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Figure  1 .  ATR-FTIR  spectra  of  the  as-received  float-glass  (a)  tin  side,  (b)  air  side. 


Table  II.  Wavenumber  band  locations  of  the  Si-O-Si  stretching  mode 
for  the  as-received  and  treated  conditions  on  both  sides  of  the  float  glass . 


Air  Side 

Tin  Side 

TreatmentCondition 

IR  angle  of 
incidence 

Si-O-Si 

Si-O-Si 

As-Received 

41 

731 

733 

45 

750 

748 

51 

762 

760 

54 

764 

766 

500"C 

41 

729 

731 

Dry  Air 

45 

752 

754 

51 

764 

762 

54 

764 

766 

600“C 

41 

746 

748 

Dry  Air 

45 

758 

758 

51 

764 

764 

54 

769 

766 

SOO^C 

41 

741 

725 

Wet  Air 

45 

756 

752 

51 

764 

764 

54 

766 

766 

600”C 

41 

746 

735 

Wet  Air 

45 

754 

750 

51 

762 

762 

54 

766 

768 
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of  infrared  beam  incidence  on  the  two  surfaces  at  its  as-received  and  treated  conditions.  The 
spectra  for  the  two  sides  show  no  significant  difference  for  the  band  intensities  and  positions  at 
the  same  incident  angles,  indicating  that  the  two  surfaces  of  the  float  glass,  in  its  as-received 
condition,  are  similar  in  their  structural  formation. 

Figures  2  (a)  to  (d)  show  the  ATR-FTIR  spectra  of  the  glass  surfaces  treated  in  S02-dry 
air  atmosphere,  and  Figures  3  (a)  to  (d)  show  the  same  for  treatments  done  in  S02-wet  air 
atmosphere  for  the  two  sides  of  the  float  glass  at  different  angles  of  incidence  of  the  infrared 
beam.  The  spectra  after  these  treatments  show  deviations  from  those  of  the  as-received  glass. 
The  major  difference  is  for  the  1 100  cm  '  band,  which  is  associated  with  the  antisymmetric  Si-O-Si 
stretching  vibration,  that  shows  an  intensity  dependency  on  the  incidence  angle;  in  general,  this 
band  gets  stronger  as  the  angle  of  incidence  increases  (i.e.,  at  the  very  near  surface)  and  is  usually 
weak  at  the  low  angle  of  incidence.  The  strengthening  of  this  band  (which  can  also  be  referred  to 
as  the  bridging-oxygen  band)  as  one  approaches  the  surface  indicates  that  there  is  an  increasing 
amount  of  silica  formation  at  the  surface  which  coincides  with  the  removal  of  alkali.  Accordingly, 
the  air  side  is  recognized  to  be  more  dealkalized,  for  all  the  temperature  and  atmosphere 
conditions  applied,  since  this  band  appears  stronger  compared  to  the  tin  side  for  all  the  angles  of 
incidence.  The  optimum  condition  for  dealkalization,  in  this  sense,  is  the  treatment  done  at  600“C 
in  SO2  -wet  air.  This  treatment  condition  causes  the  band  to  be  stronger  at  all  the  angles  of 
incidence,  indicating  that  dealkalization  has  occurred  further  into  the  surface.  The  1050-1030 
cm  *  band,  which  is  associated  with  the  stretching  vibration  of  the  Si-0  Na  bond,  disappears, 
except  for  the  54“  angle  of  incidence,  for  all  of  the  treatment  conditions  and  sides.  This 
strengthens  the  argument  that  the  SO2  treatment  has  been  effective  in  the  removal  of  the  surface 
alkali.  The  reason  for  the  presence  of  this  band  at  the  54“  incidence  angle  is,  as  yet,  not  known. 

Shifts  in  the  band  positions  for  each  incidence  angle  can  be  recognized  with  the  change  in 
temperature  and  humidity  conditions.  The  shift  of  the  Si-O-Si  related  band  to  higher 
wavenumbers  is  consistent  with  decreases  in  the  alkali  content  of  the  glass  composition  [6,12,14] 
as  well  as  with  proton-alkali  ion  exchange  during  aqueous  corrosion  of  the  glass  surace  [14].  The 
higher  incidence  angles  (54“  and  51°)  show  no  significant  shift.  45“  angle  of  incidence  shows  an 
increasing  shift  with  increasing  temperature  for  both  sides  of  the  glass,  with  the  shift  for  the  dry 
treatment  being  higher.  41“  angle  of  incidence  shows  a  slight  decrease  for  the  dry  500“C  treatment 
on  both  sides  and  on  the  tin  side  for  the  humidity-treated  sample.  High-temperature  treatment 
moves  the  band  to  higher  wavenumbers  for  both  sides,  the  bands  for  the  air  side  being  shifted  to 
higher  wavenumbers. 

The  results  indicate  that  the  air  side  is  more  dealkalized,  since  this  side  shows  higher  shifts, 
which  agrees  with  the  results  obtained  from  the  band  intensities.  The  fact  that  the  infrared  spectra 
for  the  54“  and  51“  angles  of  incidence  do  not  show  any  significant  shift  might  be  because  the  near 
surface  is  depleted  of  alkali  for  all  of  the  treatment  conditions  applied.  For  the  low  incidence 
angles,  the  infrared  beam  encounters  increasing  alkali  concentration.  Variation  in  the  surface 
alkali  concentration,  thus,  would  have  an  increasing  effect  on  the  Si-O-Si  band  shift.  Hence, 
significant  shifts  at  the  higher  penetration  angles  indicate  the  changing  dealkalization  depths  on 
the  surface.  The  small  decrease  in  band  position  at  the  500“C  dry  air  treatment  indicates  an 
increase  in  alkali  content,  thus  implying  that  the  treatment  has  not  been  effective  at  this 
temperature-atmosphere  condition,  on  both  sides  of  the  glass.  Shifts  in  the  band  positions  to 
higher  wavenumbers  indicate  that  humidity  in  the  atmosphere  and  high  treatment  temperatures  are 
important  factors  that  affect  surface  alkali  depletion.  The  comparison  of  band  intensities  also 
indicated  the  same  trend. 


340 


Another  significant  shift  in  the  positions  of  the  individual  bands  occurs  as  a  function  of 
incidence  angle  of  infrared  at  the  same  treatment  conditions  and  glass  side.  These  shifts  have  a 
tendency  to  increase  in  wavenumber  as  the  angle  of  incidence  increases  (in  other  words,  the 
penetration  depth  of  the  infrared  beam  decreases,  in  accordance  with  equation  (1)).  This  effect  is 
due  to  the  fact  that  there  is  a  dispersion  in  refractive  index  in  the  vicinity  of  these  absorption 
bands;  therefore,  the  higher  the  angle  of  incidence,  the  more  the  spectra  is  affected  by  dispersion 
[8]. 

CONCLUSIONS 

ATR-FTIR  was  applied  for  the  surface  "structural  profiling"  of  soda-lime-silicate  float 
glass  that  was  treated  in  several  S02/H20/air  atmosphere  conditions,  at  temperatures  in  the  glass 
transition  region.  Changes  in  the  intensity  of  the  Si-O-Si  vibrational  band  at  -1100  cm'\  the  shifts 
in  the  band  position  at  770-730  cm  \  and  the  disappearance  of  the  band  associated  with  Si-OTsfa^ 
at  -1150-1130  cm  ’  indicated  that  the  surface  was  depleted  in  alkali  content  and  the  Si-O-Si 
linkages  increased  as  a  result  of  the  treatments.  Water  in  the  treatment  atmosphere  increased  the 
possibility  of  proton  incorporation  in  the  surface,  which  also  was  consistent  with  the  shift  of  the 
band  at  -770-730  cm  ’  to  higher  wavenumbers  [14].  Similar  spectral  features  revealed  that  the  air 
side  of  the  float  glass  was  dealkalized  to  higher  depths.  Spectral  features  at  different  angles  of 
infrared  incidence  of  the  treatments  illustrated  that  temperature  and  humidity  in  the  treatment 
atmosphere  were  effective  in  improving  the  removal  of  alkali  and  the  formation  of  the  bridging- 
oxygen  links. 
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ABSTRACT 

Concrete  is  a  man-made  material  containing  a  particulate  filler  designed  on  the  basis  of  a 
sieve  curve.  In  case  of  river  aggregate,  the  particles  are  approximately  spherical  and  smooth- 
textured.  The  particle-matrix  interface  is  mostly  the  weakest  chain  link  in  the  mechanical 
system.  This  implies  damage  evolution  to  start  at  particle-matrix  interfaces.  In  case  of  direct 
tension,  these  interface  cracks  will  be  on  average  perpendicular  to  the  loading  direction.  In 
case  of  direct  compression,  they  will  be  parallel  to  the  loading  direction.  A  single  fracture 
surface  is  formed  in  tension  and  a  series  of  fracture  surfaces  in  compression.  They  are 
the  result  of  crack  concentration  within  a  process  zone,  in  which  the  engineering  crack 
closely  meanders  around  a  dividing  plane.  This  allows  to  model  these  fracture  surfaces  on 
different  resolution  levels.  It  is  shown,  using  stereological  notions,  that  the  very  phenomenon 
is  of  a  non-ideal  fractal  nature.  Estimates  for  fractal  dimension  of  fracture  surfaces  in 
concretes  based  on  sieve  curves  at  the  border  of  the  practical  range  are  found  to  closely 
match  experimental  data  reported  in  the  literature. 

INTRODUCTION 

Concrete  is  a  composite  encompassing  a  wide  range  of  aggregate  particles  .  The  ag¬ 
gregate’s  largest  particles  are  31.5  or  62  mm,  depending  on  the  application.  The  finer 
sand  fractions  have  particles  in  the  sub-millimeter  range.  The  aggregate  forms  a  skeletton 
glued  together  by  a  cementitious  binder.  The  binder  also  fills  the  open  spaces  to  guarantee 
durability.  In  normal  concrete  the  particulate  skeletton  transfers  the  major  part  of  the  com¬ 
pressive  loadings.  Since  the  tensile  strength  is  inferior,  a  steel  reinforcement  is  applied  for 
that  purpose  in  constructions.  Bond  between  aggregate  and  the  cementitious  matrix  forms 
the  weakest  chain  link  in  the  micromechanical  system,  particularly  when  river  aggregate 
is  employed.  Under  increasing  loadings  the  material’s  integrity  will  gradually  break  down. 
Structural  loosening  manifests  itself  in  cracking  on  the  various  levels  of  the  microstructure, 
ultimately  leading  to  the  development  of  engineering  cracks.  In  a  global  way,  total  crack 
extension  is  denominated  as  “damage”,  so  that  crack  formation  leads  to'damage  evolution. 
The  damage  evolution  process  is  characteristic  for  the  material  structure  under  the  particular 
loading  conditions. 

Studies  of  damage  evolution  in  opaque  materials  like  concrete  are  pursued  by  following 
different  strategies.  The  demiiiishing  material  density  can  be  detected  by  measuring  the 
delay  in  ultrasonic  wave  propagation  through  the  material.  It  is  a  low-sensitivity  and  global 
approach.  Acoustic,  emissions  accompanying  crack  formation  are  employed  to  characterize 
some  damage  evolution  stages.  Since  miriads  of  mesoscopic  and  microscopic  cracks  have 
already  developed  in  virgin  specimens  of  normal  concrete,  source  location  is  complicated.  So 
the  general  approach  is  also  a  global  one,  though  more  sensitive  than  the  wave  propagation 
method.  Visual  inspection  offers  direct  and  local  information,  but  when  applied  to  specimens 
under  increasing  loadings,  it’s  scope  is  restricted  to  the  analysis  of  cracking  at  surfaces. 
High-sensitivity  observations  are  realized  with  holographic  interferometry.  Alternatively, 
pre-loaded  specimens  can  be  subjected  to  serial  sectioning,  whereupon  the  internal  crack 
structure  can  be  studied.  Basically,  it  offers  local  information  and  the  sensitivity  level  can 
be  selected  by  the  researcher. 

The  naked  eye  constitutes  a  low-sensitivity  approach,  allowing  the  detection  of  crack 
traces  on  engineering  level.  Qualitatively  similar  results  can  be  obtained  by  applying  pho- 
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Fig.  1.  Bond  cracks  contributing  to  damage  (left)  and  to  fracture  surface  roughness  (right). 


toelastic  coatings.  The  sensitivity  can  be  improved  by  artificially  increasing  the  contrast 
between  cracks  and  background.  Under  such  conditions  also  the  larger  mesocracks  will  be 
visible,  so  that  damage  seems  to  be  more  severe.  Further  enhancement  can  be  achieved  by 
observing  the  phenomenon  with  the  help  of  a  microscope.  The  higher  the  magnification, 
the  more  traces  become  discernable.  With  SEM  or  TEM  cracks  can  be  detected  on  an  even 
lower  level  of  the  microstructure.  These  should  be  added  to  the  ones  detected  under  lower 
magnifications.  This  shows  total  crack  length  per  unit  of  area,  La,  to  be  clearly  resolution- 
dependent.  The  same  holds  for  the  total  crack  surface  area  per  unit  of  volume,  Sv,  as  a 
global  3-dimensional  measure  for  damage.  The  latter  can  be  estimated  using  stereological 
methods  for  quantitative  image  analysis  [1].  The  fractal  concept  offers  possibilities  to  give  a 
quantitative  basis  to  this  phenomenon  [2]. 

DAMAGE  AND  RESOLUTION 


The  ‘elastic  limit’,  ‘discontinuity  point’  or  ‘crack  initiation  strength’  in  concrete  technol¬ 
ogy  is  characterized  by  a  certain  stage  of  particle-matrix  debonding:  the  supposedly  spherical 
river  gravel  particles  (diameter  d)  are  assumed  to  be  debonded  over  a  similar  angular  exten¬ 
sion,  2a.  The  surface  area  of  a  bond  crack  is  given  by  (Fig.  1,  at  th  left) 


S  —  7r{h‘^  -f  jx^)  (1) 

h  and  x  are  the  crack’s  height  and  span,  respectively.  Substitution  of  h  —  d/2{\  —  cos  a)  and 
X  =  dsma  yields  S  =  7rd^{\  —  cosa)/2,  with  d'^  being  the  second  moment  of  the  particle 
size  distribution  function  (psd).  The  upper  and  lower  boundaries  of  the  sieve  curves  in  the 
building  codes  can  generally  be  approximated  by  a  straight  line  and  a  second  order  parabola 
in  a  semi-logarithmic  plot  (Fig.  2).  Transformation  readily  leads  to  the  psd’s 

f(d)u  =  2.5^  and  f{d)i  =  3^  (2) 

The  first,  second  and  third  moments  of  these  psd’s  are  presented  in  Table  1. 
dc  is  the  average  size  of  the  grains  intersecting  a  (fracture)  plane.  Total  amount  of  damage 
is  S.Nv,  where  the  particle  density,  Nv,  is  given  by  Ny  =  QVvI'^d^.  As  an  example, 
substitution  for  the  upper  bound  yields  [3] 


SNv  =  Svc  =  3(1 


cos  a) 


3(1- 


cos  a)\/M 
dm 


Vv 


(3) 
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sieve  opening 


Fig.  2.  Area  prescribed  for  sieve  curves  (Dutch  building  code  NEN  3861) 


Table  1.  Moments  of  the  psd’s  corresponding  to  the  boundaries  for  the  sieve  curves  prescribed 
by  the  building  code. 


d 

To  ^ 

f{d)upper  —  2  ^^6 
fid)  lower  = 

|<io 

|(io  Ui  3<§  In 

Uo  SrfJ'C;* 
2do  2dl  In  ^ 

Table  2  presents  estimates  for  ‘damage’  as  a  function  of  resolution,  determined  by  eq  (3) 
assuming  a  =  45*^.  The  influence  of  magification  (M)  is  obvious.  An  experimental  approach 
with  a  sensitivity  level  of  1mm  (=lower  boundary  for  detecting  crack  trace  length)  would 
yield  a  specific  crack  surface  area  of  about  0.2  mm'^/mm^,  which  is  quite  close  to  experimental 
findings  [1]. 

FRACTURE  AND  RESOLUTION 

Basically,  two  extreme  cases  of  crack  coalescence  could  be  modelled.  In  the  first,  the 
particle-matrix  interface  cracks  will  extend  to  the  dividing  suface.  This  implies  the  angular 
bond  crack  extension  to  be  a  variable.  Since  the  curvature  of  the  dividing  surface  will  be 
considerably  less  than  that  of  the  largest  particles  in  the  mix,  for  modelling  purposes  the 
dividing  surface  can  be  assumed  planar.  In  the  second,  the  bond  cracks  have  developed  to 
a  constant  angular  extension,  2(^o,  so  that  slightly  out-of-plane  cracks  have  to  coalesce  in 
order  to  create  the  macro  crack.  Although  the  width  of  the  so  called  fracture  process  zone 
is  governed  by  the  largest  particles  in  the  mixture,  the  distances  of  the  microcracks 
to  the  dividing  plane  can  be  expressed  in  terms  of  average  particle  size,  dc.  In  practice, 
the  bond  cracks  which  will  constitute  part  of  the  fracture  surface  in  statu  nascendi  will 
not  necessarily  form  a  parallel  array.  Instead  a  system  with  a  partially  planar  orientation 
distribution  has  to  be  emphasized.  The  model  selected  for  this  paper  reflects  features  of 
both  extremes,  thereby  taking  an  intermediate  position.  The  size  distribution  of  intersection 
circles  of  the  bond  cracks  with  the  dividing  surface  are  taken  according  to  the  first  case.  Size 
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Table  2.  Damage  as  a  function  of  resolution 


M  —  d^ifdo 

Vv 

d 

[mm] 

do 

[mm] 

dm 

[mm] 

Svc 

[mm“^] 

2 

0.1 

16-32 

16 

32 

0.004 

4 

0.2 

8-32 

8 

32 

0.011 

8 

0.3 

4-32 

4 

32 

0.023 

16 

0.4 

2-32 

2 

32 

0.044 

32 

0.5 

1-32 

1 

32 

0.078 

64 

0.6 

0.5-32 

0.5 

32 

0.132 

128 

0.7 

0.25-32 

0.25 

32 

0.217 

distribution  function  of  the  cracks  is  governed  by  an  integral  equation  of  Abel’s  type  [4], 
The  intersection  circles  have  a  partially-planar  orientation  distribution  in  accordance  with 
experimental  observations  as  to  crack  trace  distributions  [1]  [2]  (Fig.  2,  at  the  right). 

The  relevant  parameter  for  fractal  interpretation  of  the  fracture  surface  in  the  model 
will  be  the  total  crack  surface  area  per  unit  of  the  dividing  surface,  Sa-  The  increase  in 
surface  area  is  due  to  particle  indentations  of  the  dividing  surface.  Individual  contributions 
are  given  by  eq.  (1).  Using  the  moments  of  the  psd’s  presented  in  Table  1,  is  determined 
for  the  two  different  sieve  curves  given  by  eq  (2).  Hence, 

Lower  boundary  case:  f{d)i  = 


X  =  J2^/d 

=  14 

^  =  J^ll 

= 

h  =  4/4 

=  \do 

=  !'«>■>  t 

S  =  + 

11 

Na  =  (&Vvd)l(KdP) 

= 

SNa  =  Sa 

=  fVv 

Upper  boundary  case:  f{d)u  = 


X  —  J^d^jd 

II 

=  J3^/d 

=  24-^C 

h  =  4/4 

11 

.£.10: 

¥  = 

= 

S  =  7r(l  +  2.i)CC 

Na  =  (md)l{i^<P) 

2  Vv 

SNa  =  Sa 

POICM 

II 

in  which  J2  =  sin^  OdO  and  J3  =  sin^  OdO  [4].  do  and  are  the  smallest  and  largest 
particles  included  in  the  model.  Note  that  magnification  M  =  d^ldo. 
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FRACTAL  PROPERTIES  OF  FRACTURE  SURFACES 


The  average  value  of  the  bond  crack  surface  area  per  unit  of  the  corresponding  area 
of  the  dividing  plane,  Sa^  is  the  major  parameter  to  define  the  roughness  of  the  fracture 
surface.  The  planar  roughness  index,  R5,  being  the  ratio  of  total  fracture  surface  area  and 
the  corresponding  area  of  the  dividing  plane,  is  obviously  given  by 

Rs  =  Aa„,  +  5m  =  1  +  5m  -  Vv  (4) 

Basically  this  holds  only  for  a  2-D  portion  of  cracks  in  a  partially  planar  system  in  which 
the  orientation  plane  is  parallel  to  the  the  dividing  plane.  An  additional  3-D  ‘random’  system 
of  bond  cracks  has  to  be  considered.  The  demarcation  line  along  the  particle-matrix  interface 
from  which  the  bond  crack  enters  the  matrix  forms  a  circle.  The  size  distribution  function 
of  the  associated  circular  planes  is  identital  to  the  size  ditribution  obtained  with  a  plane 
intersecting  with  the  particles.  Orientation  distribution  of  this  circular-facetted  system  is 
lUR.  The  average  surface  area  of  the  bond  cracks  per  unit  of  the  circular  facet  area  is  3/2. 
The  average  area  of  the  circular-facetted  system  per  unit  of  the  dividing  plane  is  2.  Hence, 
eq  (4)  can  be  modified  to  encompass  both  the  2-D  and  3-D  portions, 

Rs  =  I  —  Vv  +  3VV3  +  2^^^  =  1  +  2VV(1  —  -oj)  (w  =  ~^)  (h) 

where  the  indices  2  and  3  refer  to  the  2-D  and  3-D  portions,  respectively.  The  linear  rough¬ 
ness  index,  Rl  can  be  approximated  according  to  [5]  hy  Ri  =  \  +  7r{Rs  —  l)/4.  Substitution 
of  eq  (5),  assuming  u;  =  |  and  a;  =  0,  respectively,  gives 

=  l  +  and  5,i,=  l  +  ^.2Vn  (6) 

The  sieve  curves  lead  to  near  self-similarity  situations  as  to  the  texture  of  the  fracture  surface 
at  different  resolution  levels  [2].  The  resolution-dependency  can  be  expressed  by  means  of 
the  fractal  equation  [6] 

\ogRL  =  {Di-l)\ogM  +  C  (7) 

Di  is  the  fractal  profile  dimension  and  C  a  constant  (determination  of  which  can  be  avoided 
by  considering  the.  slope  of  the  curves).  Fig.  3  presents  solutions  of  eq  (7)  using  eqs  (6) 
and  (2).  Fractal  dimensions  around  1.08  to  1.13  fall  close  to  the  sofar  available  experimental 
data  [7].  In  general,  slightly  curved  lines  either  with  positive  or  with  negative  curvature  will 
be  obtained,  revealing  the  non-ideal  fractal  properties  of  the  fracture  surface.  High  density 
concretes  reveal  an  increased  brittleness.  As  a  result,  cleavage  of  particles  will  be  more 
dominant,  reducing  fractal  dimension.  This  has  been  experimentally  confirmed  [8]. 

CONCLUSIONS 

Stereological  modelling  of  the  fracture  surface  is  achieved  for  concretes  containing  river 
gravel  aggregate.  The  development  of  bond  cracks  is  a  major  phenomenon  in  the  damage 
evolution  process  under  tensile  or  compressive  loadings.  A  fracture  process  zone  is  formed 
encompassing  the  larger  coalescing  bond  cracks,  finally  forming  the  frcature  surface.  The 
dividing  surface  will  be  weakly  curved.  On  the  different  magnification  levels,  particles  dis- 
cernable  on  the  very  level  put  their  marks  (ie  spherical  indentations)  on  the  dividing  surface. 
The  commonly  applied  sieve  curves  lead  to  near  self- similarity  situations.  Estimates  for 
fractal  dimension  of  the  fracture  surface  are  developed  on  this  basis.  They  closely  match 
experimental  findings. 
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Fig.  3.  log-log  plot  of  linear  roughness  index,  Ri,  versus  magnification,  M. 
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ABSTRACT 

A  recently  proposed  isotherm  model  for  adsorption  on  fractal 
surfaces  is  fitted  to  a  wide  range  of  isotherm  data  obtained  from 
the  literature.  All  curve  fitting  attempts  produced  good  fits 
and  the  model  parameters  obtained  are  shown  to  be  physically 
reasonable.  Also,  all  significant  model  parametrs  can  be 
obtained  from  a  single  isotherm.  As  expected,  when  surface 
roughness  is  taken  into  account,  the  specific  surface  area 
determined  from  monolayer  volume  may  be  significantly  higher  than 
that  obtained  using  the  standard  smooth  surface  isotherm  models. 

INTRODUCTION 

Physical  adsorption/desorption  of  gases  and  vapors  on  solid 
surfaces  plays  an  important  role  in  many  fields  of  science.  In 
most  cases,  the  sorption  data  are  obtained  under  equilibrium 
conditions  and  are  fitted  to  one  of  several  isotherm  models  to 
extract  the  physical  parameters  such  as  the  surface  area  of  the 
adsorbent,  interaction  potential,  hysteresis  behavior  or  some 
other  physical  property  of  interest  in  the  particular  study.  One 
theory  often  used  is  that  of  Brunauer,  Emmett  and  Teller  (BET) 
which  holds  only  for  smooth  surfaces.  It  was  shown  previously 
that  this  model  can  lead  to  significant  errors  when  used  with 
issotherm  data  obtained  on  rough  surfaces.  The  new  model,  which 
considers  surface  roughness  and  the  surface  smoothing  that  occurs 
as  successive  layers  of  molecules  are  deposited,  is  now  shown  to 
fit  the  isotherms  obtained  on  a  wide  range  of  materials. 
Parameters  obtained  with  the  new  model  are  compared  to  values 
obtained  by  the  standard  BET  model,  and  whenever  possible,  to 
parameters  obtained  by  independent  measures .  In  all  cases  the 
model  provides  physically  reasonable  values  that  compare 
favourably  with  other  measures  of  these  parameters.  It  is 
expected  that  the  new  model,  which  takes  into  account  the 
roughness  of  the  adsorbent  surface,  will  give  a  better  prediction 
of  the  physical  parameters. 

EXPERIMENTAL 

The  new  model  is  centered  on  an  isotherm  equation,  Eq.  i, 
published  by  Brunauer,  Emmett  and  Teller  in  1938.  In  this 
equation,  B„  is  the  fraction  of  the  adsorbent  surface  that  is 
covered  by  n  and  only  n  layers  of  adsorbate.  Since  these 
fractions  could  not  be  determined,  the  authors  assumed  all  layers 
to  have  the  same  surface  area  as  that  of  the  adsorbent  and  that 
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an  infinite  number  of  layers  would  be  adsorbed.  Thus  the 
summation  in  Eq.l  has  a  single  term  with  and  n=oo.  Then  for 

low  concentrations  (X=P/Po<<l)  Eq.l  simplifies  to  the  well  known 
BET  equation. 


By  applying  the  ideas  from  fractal  analyses  of  surfaces, 
particularly  the  smoothing  effect  of  adsorbed  molecules  on  a 
fractal  surface,  an  expression  for  B„  was  obtained,  Eq.2.  The 
values  used  in  Eq.2  are  obtained  from  Eq.3  which  describes  the 
smoothing  of  a  fractal  surface  on  adsorption  of  molecules  of  size 
r . 


O-Da-i  _  (  _£  )  D-D„ 

L 


(2) 


[1  -In  ( I )  ]  -^  [  1  -In  { I )  ]  2  +2  [U„ln  ( | )  ^-  (D-2 )  In2-ln  (3  -£>„)  ]  (3) 

Isotherm  data  on  activated  carbon  fibers,  wood,  activated 
carbons  and  other  materials  was  taken  from  the  literature.  These 
data  were  usually  presented  in  graphical  form  and  thus  had  to 
bescaled  from  the  graphs .  The  graphs  were  scanned  with  a 
Hewlett-Packard  ScanJet  lie  and  the  scanned  images  imported  to  a 
Data  Translation  image  analysis  program.  The  image  analysis 
program  scaled  the  graphs  and  provided  digitized  real  values  for 
the  isotherm  data  points.  In  several  cases,  the  isotherm  data 
points  were  imported  into  a  Mat Lab  program  written  to  provide  the 
best  least  squares  fit  of  the  data  to  the  new  isotherm  model. 

The  program  gave  the  values  of  the  fractal  dimension,  D,  the 
monolayer  coverage,  Vm,  the  interaction  potential,  C,  the  size  of 
the  adsorbed  molecule,  r,  and  the  number  of  layers  deposited,  n. 
In  most  cases  the  molecule  size  is  known  and  can  be  supplied  to 
the  program.  Other  parameters  can  also  be  supplied  to  the  model 
if  known  or  are  obtained  from  other  experiments. 

In  most  cases,  the  data  points  from  the  image  analysis 
program  were  imported  into  a  Lotus  spreadsheet  which  contained  a 
macro  that  calculated  isotherms  using  the  new  model.  By  trial 
and  error  the  fit  between  the  data  and  the  model  was  adjusted 
until  a  good  match  was  obtained.  The  model  parametrs  that 
provided  the  best  match  were  used  in  subsequent  comparisons  of 
the  model . 


RESULTS  AND  DISCUSSION 


Isotherns  calculated  from  the  model  are  shown  in  Fig.l  for 
different  numbers  of  adsorbed  layers,  N.  Calculations  are  for  a 
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X=P/Po 

^N=5  ^N=10^.N=30  _  N=70  _  N=^ 

Figure  1 .  Isotherms  calculated  from  the 
model  for  D=2.5,  C=100,  r/L=0.001 


surface  of  intermediate  roughness,  D==2.5,  with  a  strong 
interaction  potential  C=100.  From  this  plot  it  is  easily  seen 
that  multilayer  adsorption  is  only  evidenced  at  high 
concentrations;  the  low 
concentration  region  is  nearly 
the  same  for  all  values  of  N. 

In  Fig.  2  isotherms  are 
plotted  for  different  levels 
of  surface  roughness,  as 
measured  by  the  fractal 
dimension,  d,  for  the  case 
where  only  a  few  (N=5)  layers 
are  adsorbed.  After  the 
initial  steep  rise,  the  curves 
fan  out  and  the  nearly 
constant  slopes  from  P/Po=0.i 
to  saturation  increase 
significantly  as  the  fractal 
dimension  decreases.  This 

region  of  the  isotherm  gives  a  good  measure  of  the  surface 
fractal  dimension  of  the  adsorbent.  Figure  3.  is  similar  to 
Fig. 2  except  that  the  number  of  adsorbed  layers  has  increased 
(N=30) .  The  intermediate  concentration  region  of  the  isotherm  is 
still  sensitive  to  the  fractal 
dimension  but  now  the  onset  of 
capillary  condensation  is 
seen.  This  rapid  rise  in  the 
volume  adsorbed  as  saturation 
is  approached  allows 
determination  of  the  adsorbate 
molecule  size.  In  all  cases, 
the  steepness  of  the  rise  at 
the  lowest  concentrations 
gives  a  good  measure  of  the 
interaction  potential  while 
the  intermediate  concentration 
region,  in  addition  to 
determining  the  fractal 
dimension,  gives  the  value  of 
the  monolayer  volume,  Vm. 

Thus  from  a  single  complete 
isotherm  it  is  possible  to 
obtain  all  the  important  model 
parameters  including  the 
fractal  dimension,  d,  the 
interaction  potential,  C,  the 
number  of  adsorbed  layers,  N, 
and  the  monolayer  volume,  Vm. 

If  in  addition,  the  isotherm 
exhibits  the  onset  of 
capillary  condensation,  then 
some  measure  of  the  size  of 
the  adsorbate  molecule  is  also 
possible.  In  this  case,  all 


X=f/Po 

.D-12^IW.5 


-IW,9 


Figure  2 .  Isotherms  calculated  from  the 
model  for  N=30,  C=100,  r/L=0.001 


^  I>=2.0  ._D-2.2 

Figure  3.  Isotherms  calculated  from  the 
model  for  N=30,  C=100,  r/L=0.001 


351 


model  parameters  are  determined. 


Values  of  the  model  paramete  matching  were  compared  to 
values  obtained  from  the  standard  BET  model .  In  a  few  cases 
some  of  the  parameters  were  known  from  independent  measurements, 
particularly  the  fractal 
dimension,  and  these  data  were 
also  used  to  verify  the  model . 

Figure  4  shows  adsorption 
isotherms  for  methanol  i 

adsorbed  on  activated  carbon  g 

particles  along  with  a  | 

matching  curve  obtained  from 
the  new  model .  Model 
parameters  obtained  from  this 
match  are  shown  in  the  figure. 

Figures  5-7  show  isotherms  for  o 

benzene  adsorbed  on  activated 

carbon  fibers,  untreated  and  figure  4.  ifodel  matched  to  data  for 
with  two  different  surface  methanol  adsorbed  on  active  carbon, 

treatments  ,  along  with  Model  parameters :D=2. 9,  C=9.5,  N=10, 

matching  curves  from  the  vm=3.95,  r/L=o.08 

model.  Model  parameters  from 
these  matches  are  given  in  the 
figures.  The  model  suggests 
that  the  primary  effect  of 
these  surface  treatments  was  a 
change  in  monolayer  volume. 

The  interaction  potential  was 
also  slightly  affected  by  the 
treatments . 

Figure  8  is  an  isotherm 
for  the  adsorption  of  water 
vapor  on  pine  wood  along  with 
the  fitted  model  and  model  Figure  5.  Model  matched  to  data  for 

parmeters .  The  initial  benzene  adsorbed  on  activated  carbon 

portion  of  the  isotherm  rises  parameters:D=2.97,  c=80, 

much  more  gradually  than  in  =  ,  m- 

the  previous  isotherms.  The 
intermediate  concentration 
region  rises  gradually  until  a  , 

significant  rise  sets  in  as 
saturation  is  approached,  oj 

suggesting  the  onset  of  g 

capillary  condensation.  This 
complete  isotherm  permits 
obtaining  all  of  the  model 
parameters  with  some  degree  of 
certainty  as  discussed  earlier. 


0  OJ  0.4  0.6  0.«  I 

P/Po 


It  is  of  interest  to  see 
how  this  new  model,  which 
includes  the  effect  of  surface 


Figure  6.  Model  matched  to  data  for 
benzene  adsorbed  onsurface  treated 
carbon  fibers.  Model  parameters : D=2 . 95, 
C=10,  N=5,  Vm=350,  r/L=0.08 
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differs  from  the  standard  BET  analysis  in  determining 


roughness, 
the  monolayer  volume.  Figure 
9  shows  the  ratio  of  monolayer 
volumes  obtained  from  BET 
anaysis,  {Vm)_BET,  and  the  new 
model,  {vm)_MODEL,  as  a 
function  of  the  fractal 
dimension.  The  curve  and  the 
data  points  ahown  in  the 
figure  were  obtained  from  the 
isotherms  in  Figs.  4-8. 
{Vm)_BET  was  obtained  by 
standard  BET  analysis  of  the 
isotherm  data  points  and 
{Vm)_MODEL  was  taken  as  the 
value  obtained  from  the  curve 
matching  operation. 

CONCLUSIONS 

The  new  model  can 
generate  a  wide  variety  of 
isotherm  shapes  and  thus  can 
be  made  to  fit  a  wide  variety 
of  materials.  This  includes 
materials  that  exhibit  single 
layer  Langmuir  type  adsorption 
to  materials  that  follow 
multilayer  BET  adsorption 
behavior . 

The  different  model 
parameters  are  sensitive  to 
different  concentration 
regions  of  the  isotherm.  Thus 
if  a  complete  isotherm  {from 
zero  concentration  to 
saturation)  is  obtained,  all 
model  parameters  can  be 
determined  from  this  single 
isotherm. 

In  the  few  cases  where 
independent  measures  of  the 
fractal  dimension  have  been 
available,  the  new  model  gives 
good  agreement  with  these 
measures . 


benzene  adsorbed  on  treated  carbon 
fibers,  ^kxiel  parameters:D=2.95,  C=130, 
N=5,  Vm=350,  r/L=0.08 


water  vapor  adsorbed  on  pine  wood. 
Ktodel  parameters :D=2 . 25,  C=7,  N=:50, 
r/L=lE-5 


Vm.BET/Vm.MODEL 


Figure  9  .Ccatparison  of  monolayer  volxime; 
BET  versus  model 


In  determining  monolayer 
volumes  it  appears  that  BET 
analyses  of  isotherm  data  obtained  on  rough  surfaces 
underestimates  the  monolayervolume  by  about  35%.  In  a  "worst 
case"  situation,  BET  analysis  could  underestimate  monolayer 
volume  by  more  than  50%. 
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Abstract 

We  introduce  a  macroscopic  model  for  the  description  of  growth  pattern  formation  in  ramified 
electrochemical  deposition.  The  theoretical  model  is  formulated  as  a  2D  time-dependent  problem 
consisting  in  the  Nemst-Planck  equations  for  the  concentration  of  the  solute  (cations  and  anions), 
coupled  to  a  Poisson  equation  for  the  electrostatic  potential  and  the  Navier-Stokes  equations  for  the 
solvent,  with  a  moving  boundary.  A  dimensional  analysis  is  performed  and  a  new  set  of  dimensionless 
numbers  governing  the  flow  regime  is  derived. 

A  2D  discrete  version  of  these  equations  in  a  DBM  scheme  with  a  random  moving  boundary 
constitutes  the  computational  model.  We  present  numerical  results  which  show  that  our  growth 
model,  with  a  proper  variation  of  the  set  of  dimensionless  numbers,  gives  a  reasonable  picture  of  the 
interplay  of  the  electroconvective,  migration  and  diffusive  motion  of  the  ions  near  the  growing  tips. 

Introduction 

Growth  pattern  formation  (GPF),  that  is,  the  unstable  growth  of  interfaces ,  is  a  common 
phenomenon  in  a  wide  range  of  problems  from  physics  to  biology.  It  produces  complex  geometries 
of  fractal  or  dendritic  character  and  chaotic  patterns  [l]-[7]  and  has  been  extensively  studied  in  the 
context  of  far  from  equilibrium  phenomena. 

An  example  is  electrochemical  deposition  (  ECD)  of  ramified  metallic  salt  clusters  in  thin  cells, 
which  appears  to  be  the  paradigm  of  GPF  problems  driven  by  nonlinear  fields.  The  quasi 
two-dimensional  electrolytic  cell  consists  of  two  glass  plates  sandwiching  two  parallel  electrodes  and 
the  electrolyte.  A  voltage  difference  (or  a  current)  applied  between  electrodes  produces  a  ramified 
deposit.  The  main  variables  controlling  the  experiment  are:  solution  concentration,  voltage  difference 
and  cell  thickness.  Literature  shows  that  when  these  are  varied,  growth  patterns  ranging  from  fractal 
to  dense-branched  aggregates  can  be  obtained.  The  morphology  transition  has  not  been  yet  fully 
understood. 

The  interaction  of  fields  due  to  salt  ions  concentration  gradients,  migration  and 
electroconvection  in  ECD  are  described,  through  first  principles  [8],  by  the  Nernst-Planck  equations 
for  ions  concentration,  the  Poisson  equation  for  the  electrostatic  potential  and  the  Navier-Stokes 
equations  for  the  fluid,  with  a  moving  boundary.  Literature  shows  that  this  system  was  studied 
through  analytic  methods,  such  as  perturbation  analysis  or  the  search  for  exact  solutions,  and 
numerical  techniques.  Analytic  techniques  are  crucial  in  the  present  understanding  of  the  basic 
phenomena  in  ECD  ([9]-[13]),  however  their  extension  to  nonlinear  problerns  is  extremely  difficult. 
Numerical  techniques  fall  in  three  main  categories;  purely  deterministic,  purely  stochastic  and  mixed 
deterministic-stochastic  methods.  Purely  deterministic  techniques  solve  the  ECD  system,  for  instance, 
with  finite  differences  and  relaxation  techniques  ([12]).  Albeit  their  generality,  their  lack  of  noise, 
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which  is  inherent  in  the  physics  of  ECD,  limit  somehow  the  range  of  applications  of  these  methods. 
Purely  stochastic  methods,  such  as  the  DLA  or  the  BRW  simulate  a  scalar  version  of  the  ECD  system 
(interpreted  as  Fokker-Planck  type  equation)  with  Monte  Carlo  techniques  ([14]-[20]).  While 
succeeding  in  obtaining  aggregations  ranging  from  fractal  to  dense  branch  morphology,  they  still  are 
simplifications  of  reality.  Hybrid  methods  such  as  the  DBM  [21]  solve  the  ECD  system  with 
relaxation  techniques  and  a  random  moving  boundary  [22].  These  methods  possess  the  advantages 
of  deterministic  techniques,  while  at  the  same  time  introducing  noise  in  a  natural  way  through  first 
principles. 

There  is  at  present  a  considerable  amount  of  experimental  data  on  ECD  ([23-[36])  which  can 
be  used  to  check  the  existing  linear  theory  and  advance  into  the  nonlinear  field.  In  particular,  [27]  and 
[36]  presented  experimental  results  and  an  analysis  of  ECD  with  dense-branched  morphology,  and 
proposed  a  mechanism  for  a  morphology  transition  in  ECD,  showing  that  electroconvection  produces 
physical  displacements  that  split  and  fan  the  growing  tips. 

Our  main  goal  here  is  to  design  a  growth  model  able  to  describe  the  most  relevant  features 
of  ECD  through  its  control  parameters.  For  this,  we  introduce  a  GPF  model  consisting  in  the  study 
of  the  frill  ECD  system  and  its  discrete  version  in  the  context  of  a  DBM  scheme.  In  addition,  we 
perform  a  dimensional  analysis  that  notably  simplifies  the  otherwise  large  number  of  parameters.  The 
plan  of  the  paper  is  the  following.  In  the  second  section  we  examine  the  physics  of  the  problem,  the 
equations  describing  it  and  its  dimensional  analysis.  The  third  section  presents  the  growth  model, 
numerical  results  and  some  general  conclusions. 

The  physics  and  mathematics  of  the  growth  model 

The  physical  scenario  envisaged  is  ECD  of  ramified  copper  clusters  in  a  2D  cell,  with  an 
unsupported  binary  electrolyte  and  with  constant  voltage  applied  between  electrodes  [8].  The  driving 
fields  are  diffusion,  migration  and  electroconvective  motion  of  the  ions  in  a  space-time  dependent 
incompressible  viscous  fluid.  Secondaiy  chemical  reactions,  density  gradients  or  heat  transfer  are  not 
considered  here.  Initially  the  electrolyte  is  electrically  neutral  everywhere,  with  uniform  concentration 
of  cations  and  anions  in  space.  Applying  a  voltage  difference  between  electrodes,  cations  move 
toward  the  cathode  where  they  are  discharged  and  aggregated,  producing  a  depletion  of  cations  near 
the  cathode.  For  electroneutrality  to  hold,  anions  must  be  expelled  from  this  region  at  the  same  speed 
at  which  cations  aggregate;  however,  anions  migrate  toward  the  anode  with  a  drift  speed  proportional 
to  the  anion  mobility  and  the  electric  field.  Theory  and  experimental  evidence  show  that  cation 
aggregation  is  slower  than  anion  migration,  thus  a  local  positive  charge  is  generated  near  the  cathode. 
At  the  anode,  anions  pile  up  since  they  cannot  exit  the  solution;  electroneutrality  is  maintained  by 
cations  entering  the  solution  from  the  dissolving  anode. 

In  transport  phenomena  in  fluids,  two  limiting  types  of  processes  can  be  studied;  forced 
convection  and  free  or  natural  convection.  Their  salient  differences  are  that  in  forced  convection  the 
flow  pattern  is  determined  primarily  by  some  external  forces,  while  in  free  convection  the  forces  are 
within  the  flow.  In  the  literature,  experiments  have  been  put  arbitrarily  into  either  one  of  these  two 
limiting  categories;  in  some  problems,  however,  both  effects  must  be  taken  into  account.  A  free 
convection  analysis  of  ECD  was  performed  in  [9]  and  [10].  In  the  present  work,  observing  that  the 
Coulomb  forces  have  almost  compact  support,  that  is,  they  are  approximately  limited  to  a  space 
region  where  electroneutrality  does  not  hold,  and  that  they  could  be  considered  to  be  external  forces 
relative  to  the  fluid,  we  assume  a  forced  convection  process.  In  this  context,  assuming  that  the  ECD 
is  a  quasi-two  dimensional  process  (this  is  a  gross  approximation  of  reality,  only  justified  on  the 
grounds  of  rendering  the  ECD  problem  more  tractable),  the  ECD  is  described  by 
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dCldt^u  "dCldx^v  *dC/dy=l/(RSchc)V^C 

+  l/(/?Marc)CV2((); 

dA/dt+u  *dAfdx+v  *dA/dy=l/(RScha)'V^A 
+  l/(RMara)AV^^; 

V^4)=  -l/XcC^VXaA', 
diiildt+ud(j:>ldx+yd(»>ldy=\IRX^(i> 

+  lIFrocidadyd^ldx-dadxd^ldy) 

+  \IF  roaidAldxd^ldy-dAldyd^fdx)’, 

V^i|/  =  -a); 


where  the  following  dimensionless  variables  have  been  introduced;  x=x'/xo ,  y=y'/xo,  u=u7uo,  v=v'/uo, 
C=C'/Co,  A=AVCo  and  (j)=  (|)'/  4)o-  Here,  C  and  A  are  cation  and  anion  concentrations,  ^  is  the 
electrostatic  potential,  co  and  v];  are  the  vorticity  and  stream  fiinctions,  u  and  v  are  the  fluid 
velocities,  x,  y  and  t  are  the  space  and  time  coordinates,  respectively.  The  zero  subindex  indicates 
reference  values.  Schc  (Scha)  ==v/Dc,  are  the  Schmidt  numbers,  v  and  Dc(Da)  are  the  kinematic 
viscosity  and  diffusion  constants;  R==Uo  V  v  is  the  Reynolds  number;  Marc(Mara)=  v/  pc  (|)o  (  pc 
and  pa  are  the  ions  mobility)  are  a  new  set  of  dimensionless  numbers  relating  viscous  forces  to 
electrostatic  potential  and  migration  forces;  u*=u-l/(RMarc)a(i)/dx  and  v*=v-l/(RMara)3(l)/0y  are 
compound  velocities  due  to  electroconvection  and  migration;  Xc(Xa)=e(j)o/(xo^FzcCo)  are 
dimensionless  numbers  relating  electrostatic  potential  to  solute  concentration;  and  Froc(Froa)= 
pUo^/(ezaCo(l)o)  are  the  Froude  numbers  relating  viscosity  to  electrostatic  potential  and  concentration. 

In  real  experiments  the  following  physical  parameters,  corresponding  to  a  solution  of  copper 
sulphate  in  distilled  water  (O.OIM)  are  used:  pc=5.37.10"^  cmWs,  pa=8.29.10-^  cmWs,  Da(Dc)=10-5 
cm^/s,  v=10'^  cmVs,  zc=za=l,  T=293  K  and  Cq— 10^^  cm'^.  For  Xo=lcm,  Uo=0. 1  cm/s  and  4)o=l V,  the 
dimensionless  numbers  become:  R=10,  Schc=Scha=10^  Mara=12.06,  Marc=18.06,  Xc=Xa=4.52. 
10'^\  Froc=Froa=6.24.10‘^.  An  increase  in  the  R  number  leaving  all  other  numbers  constant  increases 
fluid' convection,  thus  electroconvection  in  system  (1).  It  also  increases  migration  (convective  motion 
due  to  the  electric  field).  A  similar  effect  is  produced  increasing  the  Schc(Scha)  number.  An  increase 
in  the  Froc(Froa)  number  decreases  electroconvection  (fluid  density  increases).  An  increase  of  the 
Marc(Marc)  number  reduces  migration.  A  decrease  in  the  Xc(Xa)  number  increases  the  source  term 
in  the  electrostatic  Poisson  equation  in  system  (1)  and  therefore  the  curvature  of  the  electric  potential; 
this  reduces  the  width  of  the  boundary  layer.  Therefore,  this  number  which  is  orders  of  magnitude 
higher  than  the  rest  of  the  dimensionless  numbers,  is  extremely  important  since  it  governs  the  singular 
perturbation  nature  of  the  whole  system  and  in  particular,  the  source  term  in  the  electrostatic  Poisson 
equation. 
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A  2-D  growth  model  approximation 

Studies  of  the  ramified  electrodeposit  growth  aims  mainly  to  establish  the  relation  between 
the  driving  nonlinear  fields  and  the  morphology  of  the  deposit.  Here,  to  simulate  this  relation  we  use 
the  experimental  results  presented  in  [27]  and  [36],  In  a  first  step,  as  in  [12],  we  assume  a  dense 
parallel  morphology  for  the  ramified  electrodeposit  and  we  study  the  distribution  of  concentrations, 
electrostatic  potential  and  fluid  velocities.  The  deposit  is  replaced  by  a  set  of  parallel  spaced 
rectilinear  filaments  in  the  form  of  a  comb,  and  only  one  filament  of  the  comb  is  analyzed  by 
symmetry.  The  problem  is  described  by  system  (1)  in  the  2D  rectangular  domain  with  one  short 
filament  grown  in  the  middle  of  the  cathode.  In  a  second  step,  we  include  the  basic  instability  effect 
that  yields  ramified  deposits.  For  this,  we  assume  that  in  a  laboratory  experiment  the  instability  is 
triggered  at  random  locations  near  the  cathode,  due  to  an  imperfection  in  its  surface  or  a  perturbation 
due  to  chemical  impurities  or  local  gradient  concentrations  or  any  other  imaginable  disturbance. 
Accordingly,  in  our  growth  model  approximation,  the  interface  of  the  deposit  is  moved  with  a 
stochastic  rule.  Our  main  assumption  is  that  the  flux  of  cations  entering  the  deposit  governs  the 
aggregation  process.  Two  different  cases  corresponding  to  two  different  scales  can  be  considered. 
The  first  case  includes  the  simulation  of  the  whole  cell,  the  second  one  is  a  zoom  of  a  small  region 
near  the  tip  of  the  filament.  The  boundary  conditions  for  both  cases  differ  and  details  can  be  found 
in  [12].  The  boundary  conditions  for  the  stream  function  on  every  solid  boundary  are  the  usual 
nonslip  conditions. 

The  computational  model  solves  system  (1),  for  each  time  step,  in  a  fixed  domain,  in  a  lattice 
using  finite  differences  and  deterministic  relaxation  techniques.  Its  solution  is  obtained  via  the  system 
of  difference  equations: 

r""'=  Saw,"  (2) 

where  j  represents  the  nearest-neighbour  site  of  the  site  k,  the  summation  ranges  over  all 
nearest-neighbour  sites,  is  a  vector  valued  function,  whose  components  are  the  concentrations  C 
and  A,  the  electrostatic  potential  cj),  the  vorticity  function  co  and  the  stream  function  ij;,  and  Uj  is  a 
diagonal  matrix  whose  elements  contain  the  nonlinear  coefficients  of  the  discretized  equations.  The 
resulting  solution  is  then  used  to  modify  the  domain  (advance  the  interface)  with  a  DBM 
scheme  [22].  Then  the  stocastic  rule  is:  p,,=mod(j/ k)/  SimodG/i),  where  the  summation  is  over  all 
nearest  neighbor  sites  of  the  aggregation  in  the  lattice,  pj,  is  the  probability  of  selecting  the  neighbor 
site  k  to  advance  the  interface,  jV  k  is  the  flux  of  cations  flowing  from  the  neighbor  site  k  into  the 
aggregation.  In  this  process  each  new  advance  of  the  interface  changes  locally  the  boundaiy  and 
hence  the  solution  of  system  (2),  that  must  be  recalculated,  in  principle,  at  every  time  step.  In  this  way 
the  aggregation  process,  the  ionic  species  and  the  hydrodynamics  are  coupled.  The  boundary 
conditions  are  discretized  by  finite  differences  in  the  standard  way. 

The  results  that  follow  aim  to  describe  qualitatively  the  evolution  of  the  interface  as  an 
interplay  of  the  convective  vortices  near  the  tips,  the  concentration  and  the  migration  fields,  following 
as  close  as  possible  the  experimental  conditions  presented  in  [27]  and  [36],  Initially,  the  fluid  is  at 
rest,  there  is  no  aggregation  except  at  the  bottom  layer, where  the  initial  instability  is  mimicked  with 
a  deposit  of  1 1  occupied  cells;  the  voltage  varies  linearly  from  1  at  the  top  (anode)  to  0  at  the  bottom 
and  the  deposit. 

A  simulation  of  the  growth  in  a  small  region  near  the  tip  of  one  filament  is  shown  next.  The 
region  is  represented  by  a  grid  of 40x40  cells.  Fig.  1  shows  a  sequence  of  vortex-tip  interactions  for 
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Fig.  3.  Top:  growth  with  50  cell/sec  and  Fro=0.1  (left)  and  100  (right);  bottom:  growth  with  100 
cell/sec  and  Fro=0. 1  (left)  and  100  (right). 
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different  times;  the  time  step  is  1  sec.  and  the  aggregation  speed  is  1  cell/sec.  The  dimensionless 
numbers  used  are  R=10,  Schc=Scha=100,  Mara=12.06,  Marc=18.62,  Xa=Xc=0.0443, 
Froc=Froa=6.25.  This  sequence  shows  clearly  the  mutual  interaction  of  the  tip  of  the  deposit  with 
its  surrounding  fluid;  growth  and  bifurcation  of  the  deposit  due  to  neighboring  vortices  and  vortex 
stretching  due  to  the  presence  of  the  deposit. 

Figure  2  shows  a  snapshot  at  200  sec.  of  the  contours  and  aggregation  of  the  forcing  function 
f  (fa  (C-A)),  4),  A  and  C,  respectively.  Let  us  imaginary  join  two  neighboring  contrarotating  filament 
tips  (Figs.  1  and  2)  with  an  arch  containing  the  positive  vortex  of  the  left  tip  and  the  negative  vortex 
of  the  right  tip  (only  one  half  of  this  virtual  figure  can  be  visualized  here);  the  inner  zone  of  this  arch 
is  depleted  of  ions  while  the  outer  zone  rapidly  reaches  the  bulk  concentration  value. 

Figure  3  at  the  top  shows  snapshots  of  the  deposit  at  t=4  sec.,  aggregation  speed  of  50 
cell/sec  and  Fro  numbers  0. 1  and  100  (left  and  right).  Figure  3  at  the  bottom  shows  the  same  for  an 
aggregation  speed  of  50  cell/sec.  These  results  suggest  that  a  decrease  in  the  Fro  number  produces 
deposits  with  less  side  branching  (they  are  higher,  i.e.,  their  front  speed  is  larger).  The  reason  is  that 
vortex  intensity  and  velocities  increase,  cation  flux  is  higher  at  the  tip  and  thus  the  sticking  probability 
is  higher.  Wlien  the  Fro  number  increases,  the  flux  is  more  uniform  and  hence  the  sticking  probability 
is  more  uniform  too.  This  yields  more  side  branching. 

Finally,  fig.  4  shows  snapshots  at  t=2000  sec,  of  the  streamlines  contour  (top)  and  velocities 
map  (bottom)  in  a  grid  of  150x150  cells,  for  Fro  number  6.25.  The  main  contrarotating  vortices  at 
the  leading  tip  are  well  developed,  but  the  reproduction  of  smaller  vortices  (as  observed  in  physical 
experiments)  requires  lower  Fro  and  Xa(Xc)  numbers,  and  finer  grids. 

It  is  concluded  that,  with  a  proper  variation  of  the  set  of  dimensionless  numbers  introduced, 
it  is  possible  to  obtain  a  streamline  pattern  showing  the  existence  of  local  charges  near  the  tips  of  the 
filaments,  the  associated  pair  of  contrarotating  vortices  and  a  funnel  like  shape  through  which  the 
copper  ions  are  sucked  into  the  tip.  The  evolution  of  the  vortex-tip  interaction  shows  the  birth, 
stretching,  division  and  death  of  vortexes,  and  the  associated  birth,  splitting,  fanning  and  death  of  tip 
filaments.  The  streamline,  ion  concentrations  and  electrostatic  potential  fields  values  agree  with 
theoretical  predictions  and  with  experimental  results. 
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ABSTRACT 

The  effects  of  the  surface  morphology  on  the  electrochemical  behavior  of  various  metal 
substrates  and  coated  materials  have  been  studied  by  analyzing  impedance  spectra,  and 
electrochemical  current  oscillations  in  acidic  solutions.  The  objective  of  this  study  is  the 
search  for  a  correlation  between  the  surface  complexity  of  the  metallic  samples  and  the 
impedance  spectra,  the  structure  of  the  current  chaotic  oscillations,  the  corrosion  dynamics. 
Electrochemical  current  oscillations  were  studied  for  pure  metals  such  as  copper  (Cu),  iron 
(Fe)  and  titanium  (Ti)  in  form  of  wire-electrodes.  From  the  current  time  series  the  dynamics 
was  reconstructed  by  using  time  delay  and  embedding  techniques.  The  results  showed,  in 
agreement  with  other  studies,  the  presence  of  a  deterministic  dynamics  on  chaotic,  quasi 
periodic  and  periodic  attractors  in  the  reconstructed  phase  space.  Furthermore,  for  the  metal 
wire-electrodes  the  fractal  dimension  indicated  the  presence  of  low  dimensional  chaos.  We 
then  studied  bigger  pure  metallic  samples  with  a  different  electrochemical  cell 
configuration.  The  results  showed  again  deterministic  behavior  with  the  development  of 
chaotic  dynamics.  The  fractal  dimensions  in  this  case,  however,  were  considerably  larger 
than  in  the  previous  experiments  with  the  microcell.  In  both  cases  the  electrochemical 
oscillations  changed  structure  as  the  surface  undergoes  a  metamorphosis  due  to  corrosion 
processes,  formations  of  salt  films  or  because  on  purpose  we  changed  the  roughness  of  the 
surface.  Bifurcations  from  one  time  behavior  of  the  current  to  another  were  observed.  To 
better  analyze  the  influence  of  the  surface  morphology  on  the  current  oscillations  and  in 
general  on  the  electrochemical  behavior  of  the  sample  we  coupled  our  chronoamperometric 
studies  with  an  analysis  of  the  impedance  spectra.  We  studied  three  pure  iron  samples 
mechanically  at  three  grain  sizes  (600,400,  240).  The  dimension  of  the  chaotic  attractor 
decreased  with  the  roughness.  The  constant  phase  angle  (CPA)  calculated  from  the 
impedance  spectra  increased  with  the  roughness.  The  corrosion  rate,  as  measured  by  the 
polarization  resistance  technique,  increased  with  the  roughness.  Using  the  previous  results  as 
a  "standard",  with  the  same  techniques,  we  then  studied  steel  samples  coated  with  various 
"flavors"  of  Tungsten  Carbide  coatings,  provided  by  Cooper  Oil  Tools  Co.  The  roughness  of 
the  samples  was  measured  using  a  Scanning  Tunneling  Microscope  (STM).  Atomic  Force 
Microscope  (AFM).  We  measured  the  CPA  from  the  impedance  spectra  and  compared  with 
the  roughness  data.  The  results  obtained  indicate  no  trivial  correlation  and  the  need  for  new 
characterization  of  surface  complexity  more  connected  to  the  electrochemical  sensitivity  of 
the  surface  morphology.  This  sensitivity  has  its  fingerprints  in  the  structure  of  the 
electrochemical  oscillations  and  the  CPA.  While  this  study  is  presently  in  progress,  the 
results  of  this  investigation  showed  a  new  avenue  to  study  the  electrochemical  behavior  and 
corrosion  resistance  of  thermal  spray  coated  materials  and  their  substrates. 

INTRODUCTION 

Thermal  sprayed  coatings  are  used  to  enhance  wear  resistance  of  certain  industrial  parts. 
However,  these  parts  are  often  exposed  to  corrosive  environments.  In  these  conditions,  it  is 
important  to  study  the  general  corrosion  behavior  of  both  coating  and  substrate.  Since  the 
electrochemical  behavior  and  the  corrosion  dynamics  depend  crucially  on  the  surface 
morphology  of  the  coating  and  the  substrate,  a  search  for  a  correlation  between  surface 
complexity  (porosity,  roughness,  fractal  geometry)  and  corrosion  charactheristics  is  essential. 
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The  most  frequently  used  means  of  measuring  the  corrosion  resistance  of  a  coated 
material  have  been  by  salt-spray  testing  or  by  immersion.  Corrosion  is  evaluated  by  weight 
change  or  microscopic  analysis.  These  techniques  are  lengthy  and  provide  little  information 
on  the  corrosion  dynamics  and  its  inner  mechanisms.  The  use  of  electrochemical  techniques 
for  thermal  spray  coated  materials  is  still  quite  limited  [1-6]  .  In  this  paper,  it  is  shown  that 
special  electrochemical  techniques  can  be  used  to  gain  more  understanding  on  how  corrosion 
and  electrochemical  behavior  of  coated-substrate  systems  are  affected  by  the  surface 
morphology. 

Electrochemical  oscillations  have  been  observed  in  the  active-passive  transition  for  a 
variety  of  metal-electrolyte  systems  for  many  years  [7-17],  While  the  inner  mechanisms  of 
these  oscillations  are  still  far  from  being  understood  the  behavior  of  the  film/surface  and 
current  oscillations  seem  to  be  related:  i.e.  a  given  type  of  film  of  surface  morphology 
produces  a  given  type  of  cunent  oscillation  [18-19].  Furthermore,  various  studies  [15,18- 
26],  have  shown  that  these  oscillations  describe  an  underlying  deterministic  dynamics  which 
generates  chaotic,  quasi  periodic  and  periodic  trajectories  in  the  phase  space  reconstructed 
from  the  current  time  series.  Fractal  dimensions  of  the  chaotic  attractors  emerging  from  the 
analysis  of  the  time  series  can  be  calculated.  The  analysis  of  electrochemical  oscillations,  in 
the  framework  of  non-linear  dynamics  and  fractal  geometry  can  give  the  study  of  corrosion  a 
new  dimension.  Thus,  it  would  be  of  great  interest  to  ask  if  these  oscillations  and  their 
metamorphosis  are  in  anyway  the  fingerprints  of  the  surface  complexity  as  it  evolves  due  to 
various  electrochemical  processes.  Addressing  this  question  can  provide  not  only  a  better 
understanding  of  passivation  and  corrosion  in  metals  but  also  a  tool  for  designing  better 
coating  conditions  for  corrosion  resistance. 

On  the  other  hand, several  recent  studies  [27-33]  adopted  impedance  techniques  to 
investigate  how  geometry  and  structure  of  the  electrode’s  surface  affect  the 
electrochemical  behavior  of  the  metallic  sample.  The  quantity  which  seems  to  be  related  to 
the  surface  geometry  of  the  electrode  is  the  so  called  constant  phase  angle(CPE)  which  can 
be  calculated  from  the  impedance  spectrum  [34].  In  the  impedance  technique,  a  small 
alternating  electrical  signal  is  applied  to  the  electrochemical  cell  and  the  system  response  can 
be  analyzed  in  the  frequency  domain.  In  general,  an  electrochemical  cell  can  be  represented 
by  a  pure  electronic  model  [34],  The  impedance  analysis  consists  then  in  extracting  the 
impedance  of  the  electrochemical  cell  after  the  small  electrical  perturbation  is  applied;  this  is 
a  measurement  of  the  response  of  the  system  to  the  signal  applied.  It  has  been  found  that  for 
complex  and  rough  electrodes,  the  impedance  depends  on  the  frequency.  In  many  cases  this 

dispersive  behavior  can  be  described  by  the  relation:  Z=  crp©)  ^  where  <7  is  a  frequency- 
independent  constant  and  j  =  (-1)^^.  The  element  corresponding  to  this  impedance  has  been 
called  the  Constant  Phase  Element  and  seems  to  be  related  to  the  characteristics  of  the 

surface.  The  quantity  (X  is  related  to  the  angle  by  which,  in  the  Nyquist  plot  of  the 
impedance,  the  semicircular  arc  is  depressed  below  the  real  axis.  This  angle  has  been  called 
Constant  Phase  Angle  (CPA).  While  the  physical  meaning  of  a,  and  the  corresponding  CPA, 
still  remain  unclarified,  various  authors  have  tried  to  relate  this  quantity  to  the  fractal 
dimension,  D,  of  the  surface  [27-33]  .  In  an  extensive  study  of  the  electrical  response  of 
fractal  and  porous  interfaces,  Sapoval  et  al.  [32],  have  shown  that  in  general  there  is 

norelation  between  fractal  dimension  and  a  except  in  case  of  diffusive  regime.  They  also 
have  shown  that  the  response  of  irregular  electrodes  is  related  to  fractal  dimension  when  the 
electrochemical  regime  is  local  [32]  .  While  the  issue  is  not  completely  resolved,  it  is 
worthwhile  to  further  explore  the  connectivity  between  CPA  and  surface  morphology, 
incorporating  the  new  insight  obtainable  from  the  electrochemical  oscillations  and  expanding 
the  horizon  of  the  investigation  to  real  and  more  complex  materials. 
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In  this  paper,  we  present  a  study  of  the  electrochemical  behavior  of  various  bare 
substrates  and  samples  coated  with  various  "flavors"  of  Tungsten  Carbide.  The  approach 
used  is  a  combination  of  the  techniques  described  above.  Electrochemical  oscillations, 
impedance  spectra,  and  microscope  scans  are  analyzed,  compared,  and  discussed. 

EXPERIMENTAL 

The  samples  used  in  the  first  phase  of  the  experiments  included  pure  copper  (Cu),  iron 
(Fe)  and  titanium  (Ti)  in  wire  form  ( 1  mm  diameter  )  covered  by  an  epoxy  cylinder  so  that 
only  the  surface  of  the  tip  was  exposed  to  the  solution.  In  the  second  phase,  we  used  large 
samples  which  included  iron  samples  mechanically  pretreated  at  different  grain  sizes  (600, 
400,  240),  and  various  samples  coated  with  different "  flavors'  of  Tungsten  Carbide  coatings 
provided  by  Cooper  Oil  Tools  Co. 

For  the  wire-electrodes,  a  microcell  was  used  whereas  for  the  larger  samples  we  used  the 
EG&G  flat  cell  in  which  about  1  cm^  of  the  surface  was  exposed  to  the  solution.  The 
electrodes  were  immersed  in  various  solutions  such  as  3.56%  NaCl  solution  orlM  or  2M 
H2SO4+  3.56%  NaCl  solution. 

Current  oscillations,  impedance  spectra,  and  corrosion  rates  were  measured  using  an 
EG&G  electrochemical  analysis  system.  This  includes  an  EG&G  Potentiostat,  lock-in 
amplifier,  and  a  PC  computer  with  impedance  and  corrosion  software.  For  electrochemical 
oscillations,  the  current  was  recorded  as  a  function  of  time  under  potentiostatic  conditions. 
For  impedance  spectra,  the  impedance  response  of  the  system  to  a  periodic  signal  was 
recorded  at  various  frequencies.  A  Nyquist  plot  gives  the  imaginary  part  of  the  impedance  as 
a  function  of  the  real  part  at  various  frequencies.  For  irregular  electrodes,  the  first  high 
frequency  section  of  the  Nyquist  plot  typically  is  an  arc  of  a  semicircle,  the  center  of  which 
is  below  the  real  axis.  The  angle  by  which  the  semicircle  is  depressed  below  the  real  axis  is 
the  Constant  Phase  Angle  (CPA). 

The  current  time  series  recorded  in  the  experiment  was  analyzed  through  numerical 
techniques.  Attractors  and  the  phase  space  were  reconstructed  by  using  time  delay  and 
embedding  techniques  [35].  The  dimension  of  the  emerging  chaotic  attractors  were 
calculated  by  using  a  modification  of  the  Grassberger-Procaccia  algorithm  [36].  Data  points 
from  the  Nyquist  plot  were  fitted  with  a  non-linear  least  squares  routine  to  calculate  the  CPA. 
All  numerical  analyses  were  performed  on  a  Silicon  Graphics  Indigo^  workstation. 
Microscopy  analyses  were  conducted  by  researchers  at  the  University  of  Southwestern 
Louisiana,  Lafayette,  LA. 

RESULTS  AND  DISCUSSION 

In  the  first  phase  of  our  study,  we  examined  electrochemical  current  oscillations  for  pure 
metal  electrodes,  copper  (Cu),  iron  (Fe)  and  titanium  (Ti).  In  potentiostatic  conditions  the 
current  was  recorded  as  function  of  time.  From  the  time  series,  we  reconstructed  the  phase 
space  and  the  dynamics.  Figure  1,  (a)-(c)  shows  the  chaotic  attractor,  the  power  spectrum, 
and  the  time  series  for  a  pure  copper  (Cu)  wire  electrode  immersed  in  .5M  H2SO4  and  0.3  M 
NaCl  at  the  potential  of  320  mV.  Figure  2  shows  the  chaotic  attractor  of  a  pure  iron  (Fe) 
wire-electrode  immersed  in  2M  H2S04at  350  mV. 

We  observed  that  oscillations  undergo  sequences  of  metamorphosis  as  time  progresses 
and  a  plethora  of  different  dynamical  behaviors  is  displayed:  quasi  periodicity,  periodicity, 
chaos.  Bifurcations  and  transitions  between  the  various  oscillatory  regimes  seem  to  occur  in 
combination  with  the  metamorphosis  on  the  surface  of  the  electrode.  In  the  case  of  copper 
electrodes,  changes  in  the  oscillatory  regimes  seem  to  be  connected  with  the  gradual  covering 
of  the  surfoce  by  a  film.  When  the  surface  is  completely  covered,  the  oscillation  gradually 
disappears.  These  results  agree  with  studies  performed  with  similar  configurations  and  metal 
[20-26].  Fractal  dimensions  calculated  from  the  reconstructed  attractors  show  the  presence  of 
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Figure  1.  Electrochemical  current  oscillations  for  a  pure  copper  (Cu)  wire-electrodes 
immersed  in  a  .5M  H2SO4  and  0.3  M  NaCl  solution  at  the  potential  of  320  mV. 
(a)  time  series  (b)  power  spectrum  (c)  reconstructed  chaotic  attractor. 


Figure  2. 


The  chaotic  attractor  of  a  pure  iron  (Fe)  wire-electrode  immersed  in  a  2M 
H2SO4  solution  at  350  mV. 


low  dimensional  chaos.  In  order  to  test  the  robustness  of  the  phenomena  observed  and  to 
expand  the  horizons  of  the  investigation  to  coated  samples,  we  used  bigger  electrodes  and 
the  EG&G  flat  cell.  Even  if  the  shape  of  the  attractor  changed,  the  phenomena  observed  with 
the  wire-electrodes  persisted.  However,  dimensions  of  attractors  increased  considerably, 
around  6  and  above  ,  indicating  the  presence  of  an  extended  system.  Similar  phenomena  of 
higher  fractal  dimensions  have  been  encountered  in  other  areas  where  time  series  was 
analyzed  with  similar  techniques.  In  particular,  in  studies  of  the  EEG  of  the  human  brain  high 
dimensions  have  been  found  [37].  Whereas  in  cases  like  these  we  cannot  speak  of 
dimensions  in  the  strict  sense,  the  calculations  of  "dimension"  have  meaning  mainly  in  a 
comparative  sense.  We  can  more  appropriately  speak  about  dimensional  complexity.  The 
higher  dimensionality  could  indicate  the  presence  of  complex  space-time  phenomena 
occurring  at  the  extended  surface  of  the  electrode.  In  order  to  better  understand  the 
phenomena  observed  and  the  influence  of  the  surface  morphology,  we  first  studied 
electrochemical  current  oscillations  for  iron  electrodes  mechanically  pretreated  at  different 
grain  sizes  (600,400,240).  It  is  worth  noticing  that  these  samples  are  prototypes  of  steel 
substrates  of  the  coated  material  we  used  later.  Figure  3  (a)  -  (c)  shows  the  chaotic  attractors, 
the  time  series,  and  the  power  spectrum  for  the  sample  treated  at  240  grain  size  (IRON240), 
immersed  in  a  solution  of  2M  H2SO4  +  3.56  %  NaCl .  Figure  4  (a)  -  (c)  shows  the  chaotic 
attractors,  the  time  series,  and  the  power  spectrum  for  the  sample  treated  at  600  grain  size 
(IRON600),  immersed  in  a  solution  of  2M  H2SO4  +  3.56  %  NaCl  .  Although  oscillations 
look  similar,  the  attractors  are  slightly  different,  as  indicated  by  the  different  fractal 
dimensions  ( D=5.86  for  IRON240  and  D=6.25  for  IRON600). 

The  next  step  in  our  investigation  was  to  use  the  impedance  technique  to  observe  how  the 
CPA  angle  changes  with  the  roughness  of  the  three  iron  samples  (IRON600,  IRON400, 
IRON240).  We  calculated  the  constant  phase  angle  (CPA)  by  fitting  the  impedance  spectra 
obtained  with  the  EG&G  electrochemical  apparatus  and  the  EG&G  flat  cell  by  using  a 
nonlinear  least  squares  routine.  The  CPA  increases  with  the  roughness  going  from  0=20.96° 

for  the  IRON600  to  0=24.05°  for  the  IRON240.  Figure  5  shows  the  Nyquist  plot  of  the 
impedance  (the  dots)  at  various  frequencies  for  the  IRON600  sample.  Frequency  is 
decreasing  toward  the  right  of  the  figure.  The  corrosion  rate  calculated  by  the  polarization 
resistance  techniques  increases  with  roughness.  These  results  set  for  us  a  "standard"  which 
helps  us  to  analyze  more  complex  surfaces  such  as  the  ones  of  steel  industrially  sprayed 
with  Tungsten  Carbide  coatings.  We  studied  several  samples  coated  with  various  techniques 
and  in  various  "flavors"  of  Tungsten  Carbide.  The  samples  were  provided  by  Cooper  Oil 
Tools  Co.  We  recorded  the  impedance  spectra  and  measured  the  CPA  for  the  various 
samples.  Furthermore,  researchers  of  University  of  Southwestern  Louisiana,  with  whom  we 
are  collaborating  in  this  project,  provided  us  with  the  measurements  of  roughness  obtained  by 
STM  at  the  USL  microscopy  center.  Table  I  shows  the  0  (CPA)  and  roughness 
measurements  for  the  various  samples.  Correlations  between  CPA  and  roughness  are  not  as 
clear  as  for  the  pure  iron  samples.  For  instance,  higher  value  of  the  roughness  does  not 

necessarily  imply  higher  value  of  the  0  .  Sample  #3  has  the  highest  value  of  roughness 
although  the  highest  value  of  0  belongs  to  sample  #7.  However,  samples  with  similar 
characteristics  have  close  values  for  both  roughness  and  0  .  For  example,  sample  #11  and 

sample  12  have  the  same  value  for  0  (12,2)  and  roughness  (416).  A  clear  path  is  not 
discemable,  however.  As  suggested  by  Bates  et  al.  [33]  the  shapes  of  the  protrusions  on  the 
surface  of  the 

electrodes  are  an  important  factor  which  determine  the  value  of  0  .  Sharp  protrusions  seem 
to  give  more  different  contributions  to  the  CPA  and  corrosion  than  flattened  or  rounded 
protrusions.  This  could  be  due  to  the  different  structure  of  dislocations  at  the  protrusion  site. 
The  fact  is,  that  CPA  is  determined  by  those  geometrical  factors  of  the  surface  which  most 
affect  the  electrochemical  behavior,  in  particular  corrosion. 
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Figure  4.  The  chaotic  attractor  (a),  the  time  series  (b)  and  the  power  spectrum  (c)  for  the 
iron  sample  treated  at  240  grain  size(IRON600),  immersed  in  a  solution  of  2M 
H2S04+3.56%NaCl. 
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Figure  5 

Figure  5.  The  Nyquist  plot  of  the  impedance  (the  dots)  at  various  frequencies  for  the 
IRON600  sample.  Z"  and  Z’  is  the  imaginary  and  the  real  part  of  the 
impedance  Z.  The  data  points  were  fitted  with  a  nonlinear  least  squares  fitting 
routine.  The  solid  semicircle  joining  the  dots  is  the  fitted  semicircle.  Since  the 

fitting  gives  also  the  position  of  the  center  of  the  fitted  semicircle,  0  (  CPA  ) 
can  be  calculated. 
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TABLE  I 

CPA  AND  ROUGHNESS  FOR  TUNGSTEN  CARBIDE  COATED  SAMPLES 


SAMPLE# 

(CPA)  0 

ROUGHNESS  (nm) 

1 

12.35 

365  +  68 

2 

15.9 

357  +  78 

3 

16.4 

5 

19.01 

907+  217 

6 

10.65 

241  +  68 

7 

34.36 

650+  104 

8 

25.58 

509  +  88 

9 

8.6 

295  +  46 

11 

12.2 

416+  82 

12 

12.2 

416+  51 

13 

9.36 

581 +  74 

14 

8.93 

642  +  66 

New  measurements  presently  under  study  are  needed  to  characterize  the  surface  morphology 
from  a  more  "electrochemical  viewpoint"  as  well  as  its  correlation  with  the  dynamics  of 
electrochemical  oscillations  generated  by  the  surface  methamorphosis. 

CONCLUSIONS 

The  results  presented  in  this  paper  show  a  new  avenue  to  study  electrochemical  behavior 
and  dynamics  of  corrosion  in  coating/substrate  systems  by  using  a  combination  of  various 
techniques  such  as  the  analysis  of  temporal  evolution  of  electrochemical  oscillations, 
impedance  spectra,  and  microscopy  scans.  In  the  search  for  a  correlation  among  the  results 
obtained  emerged  the  need  of  surface  characterization  that  is  not  only  sensitive  to  general 
geometrical  complexity  of  the  surface  but  it  also  incorporates  those  geometrical  and  physical 
factors  which  mainly  affect  electrochemical  behavior.  In  particular  distributions  of 
protrusions  in  function  of  their  relative  sharpness,  structure  of  dislocations  need  to  be 
incorporated  in  the  analysis. 

On  the  other  hand,  electrochemical  oscillations  can  be  used  as  investigative  tools  to 
study  changes  in  the  surface  morphology  such  as  the  generation  of  micro  -  cracks  in  the 
coating  and  the  production  of  corrosion  fronts  that  break  through  the  coatings.  We  are 
presently  performing  these  studies.  Furthermore,  we  will  investigate,  with  the  help  of  the 
AFM  and  an  attached  electrochemical  cell,  how  the  surface  changes  with  the  various 
oscillatory  regimes.  We  will  use  the  digitized  image  of  the  AFM  for  two  dimensional  space 
forecasting  to  design  space-time  maps  which  will  model  the  electrochemical  behavior  at  the 
surface. 
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ABSTRACT 

The  similarity  of  patterns  formed  in  non-equilibrium  growth  processes  in  physics,  chemistry 
and  biology  is  conspicuous  and  many  attempts  have  been  made  to  discover  common  mechanisms 
underlying  their  growth.  The  central  question  in  this  context  is  what  causes  some  patterns  to  be 
dendritic,  as  e.g.  snowflakes,  while  others  grow  fractal  (randomly  ramified).  Here  we  report  a 
crossover  from  fraetal  to  dendritic  patterns  for  growth  in  two  dimensions:  the  diffusion  limited 
aggregation  of  Ag  atoms  on  a  Pt(l  1 1)  surface  as  observed  by  means  of  variable  temperature  STM. 
The  microscopic  mechanism  of  dendritic  growth  can  be  analyzed  for  the  present  system.  It 
originates  from  the  anisotropy  of  the  diffusion  of  adatoms  at  comer  sites  which  is  linked  to  the 
trigonal  symmetry  of  the  substrate.  This  corner  diffusion  is  observed  to  be  active  as  soon  as 
islands  form,  therefore,  the  classical  DLA  clusters  with  the  hit  and  stick  mechanism  do  not  form. 
The  ideas  on  the  mechanism  for  dendritic  growth  have  been  verified  by  kinetic  Monte-Carlo 
simulations  which  are  in  excellent  agreement  with  experiment. 

INTRODUCTION 

In  the  "classical"  Diffusion  Limited  Aggregation  (DLA)  computer  codes,  clusters  are  formed  as 
randomly  diffusing  particles  stick  irreversibly  to  the  perimeter  of  a  growing  aggregate  [1-31. 
These  models  always  produce  randomly  ramified  aggregates,  no  matter  whether  they  are  carried 
out  on  a  lattice  or  not  (off-lattice  DLA)  [3,  4].  Nonequilibrium  aggregation  processes  in  nature, 
however,  quite  often  result  in  dendritic  patterns  which  are  characterized  by  preferred  growth 
directions  [5-71.  Despite  a  considerable  theoretical  effort,  the  relationship  between  ordered  and 
randomly  ramified  patterns  has  not  yet  been  solved  [8,  91.  Both  objects  have  a  fractal  dimension 
close  to  1.7  [10,  111,  but  their  different  shape  is  evident  for  the  unaided  eye  (compare  e.g.  Figs. 
1  and  2  below). 

It  is  generally  accepted  that  the  key  to  dendritic  growth  is  anisotropy  [12-151.  This  can  either 
be  linked  to  the  symmetry  of  the  aggregating  particles  themselves,  which  is  then  amplified  to  the 
overall  pattern  shape  as  the  aggregate  grows  (a  well  known  example  for  this  is  the  snowflake 
[161),  or  it  can  be  due  to  the  symmetry  of  the  underlying  substrate.  Examples  for  this  are  given  in 
Fig.  2  below,  where  we  observe  dendritic  growth  for  two-dimensional  metal  aggregation  on  three 
hexagonally  close  packed  substrates. 

In  order  to  reproduce  dendritic  structures  basically  two  approaches  have  been  followed  to 
modify  the  hit  and  stick  mechanism  in  DLA-models.  One  is  the  introduction  of  curvature 
dependent  sticking  probabilities  [171  arid  the  second  noise  reduction,  where  atoms  are  only 
attached  if  the  approached  site  has  been  visited  m-1  times  before  [ISj.  Both  mechanisms  are, 
however,  irrelevant  for  low  temperature  metal  epitaxy,  since  there  the  sticking  probability  is  1  and 
independent  of  curvature. 

In  the  first  metal  deposition  experiments  carried  out  with  the  STM  (at  300K),  ramified  growth 
and  irregular  island  shapes  were  reported  [19-211.  In  particular,  the  Au  aggregates  on  Ru(OOOl) 
have  been  considered  as  an  example  for  classical  DLA  because  of  their  fractal  dimension  [211. 
However,  it  had  been  realized  later  that  their  branch  width  (100-200 A)  points  to  a  considerable 
amount  of  edge  diffusion  [22-251.  Similarly,  the  first  results  reported  for  lower  temperature, 
showing  ramified  islands  for  homoepitaxy  on  Pt(lll),  were  also  interpreted  as  the  physical 
realization  of  the  hit  and  stick  mechanism  [261. 

The  first  time  dendrites  have  been  reported,  and  their  distinction  to  randomly  ramified 
aggregates  was  made  clear,  was  for  the  aggregation  of  Ag  on  Pt(lll)  [11,  27,  281.  These 
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results  have  inspired  simulations  which  were  very  successful  in  .reproducing  island  densities  [29, 
30].  However,  they  assume  a  hit  and  stick  mechanism  and  neglect  the  specific  substrate  symmetry 
(which  both  holds  for  aggregation  of  much  bigger  clusters  [31])  and  therefore  are  not  suited  to 
simulate  dendritic  growth.  The  same  is  true  for  most  of  the  models  that  study  metal  nucleation. 
since  they  were  carried  out  on  a  square  lattice  [23,  32-34].  Those  Kinetic  Monte-Carlo  (KMC) 
simulations  which  have  been  performed  on  a  hexagonal  lattice  either  focused  on  the  shape  of 
compact  islands  on  Pt  [35,  36],  or  they  do  not  distinguish  between  the  two  types  of  close  packed 
steps  present  on  a  hexagonal  substrate  [22,  37].  There  are  close  packed  (1 1  l}-facets  and  more 
open  {100}-facets  (see  vacancy  islands  in  Fig.  3  and  model  in  Fig.  4).  They  have  been  called  B- 
and  A-steps,  respectively  [38]. 

Thus  to  date,  a  realistic  description  of  the  atomic  processes  leading  to  dendritic  growth  in  metal 
aggregation  on  hexagonal  substrates  was  lacking.  We  will  present  a  microscopic  model  explaining 
dendrite  formation  and  discuss  the  importance  of  the  different  relaxation  processes  at  the  island 
edge  and  their  influence  on  the  aggregate's  shape. 

EXPERIMENTAL 

The  experiments  have  been  performed  with  a  variable-temperature  STM  mounted  in  UHV, 
which  operates  in  the  temperature  range  from  25K  to  800K  (for  experimental  setup  see  e.g.  ref 
[28]).  The  Pt(l  1 1)  crystal  has  been  cleaned  by  repeated  cycles  of  Ar  ion  bombardment  (650eV)  at 
830K,  annealing  in  oxygen  atmosphere  (880K,  1x10'^  mbar)  and  subsequent  flash  to  1300K.  The 
Ag  (purity  99.995%)  aggregates  were  grown  by  vapor-phase  epitaxy  with  an  MBE-Knudsen-cell 
at  a  background  pressure  better  than  2x10-1®  mbar.  The  STM  images  have  been  measured  in  the 
constant  current  mode.  All  images  shown  here  were  recorded  in  differential  mode,  which  means 
that  the  derivative  of  the  lines  of  constant  tunnel  current  is  recorded.  They  therefore  appear 
as  illuminated  from  the  left.  The  images  are  not  corrected  for  thermal  drift  and  have  not  been 
filtered. 

RESULTS 


Fig.  1:  Fractal  Ag  aggregates  grown  on  Pt(l  1 1)  at  1  lOK  and  extremely  low  deposition  flux  of  F  = 
1.6x10-5ML/s  (1200A  x  1200A,  coverage  0  =  0.12ML). 
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The  two-dimensional  Ag  aggregates  shown  in  Fig.  1  have  been  grown  at  1  lOK.  The  coverage 
of  0.12  monolayers  has  been  deposited  at  an  extremely  low  Ag  flux  of  1.6x10-5  mL/s.  Under 
these  conditions,  large  clusters  (-3000  Ag  atoms)  with  an  open  ramified  structure  are  formed.  The 
branches  of  the  clusters  frequently  alter  their  direction  of  growth  and  thus  show  no  long  range 
correlation  with  the  symmetry  axes  of  the  substrate.  The  branch  thickness  is  almost  constant  over 
the  entire  aggregate  and  much  smaller  than  its  radius  of  gyration.  In  fact  the  arms  are  only  2+1 
atoms  wide  as  determined  from  the  total  arm  length  and  the  cluster  size.  (Branches  are  imaged 
(14±1)A  wide  in  Fig.  1,  which  is  consistent  with  their  actual  width  if  the  finite  curvature  of  the 
STM-tip  is  taken  into  account.)  The  shape  of  the  Ag  aggregates  grown  at  1 1  OK  is  very  similar  to 
that  of  fractal  aggregates  simulated  with  the  classical  DLA  computer  codes.  However,  for 
aggregation  on  hexagonal  substrates,  these  patterns  are  the  exception  rather  than  the  rule. 

Patterns  formed  by  the  aggregation  of  Ag  at  moderate  growth  speeds  on  three  hexagonally 
close  packed  metal  surfaces,  i.e.  the  (111)  surfaces  of  Pt,  Ag,  and  one  Ag  monolayer 
pseudomorphically  adsorbed  on  Pt(l  11)  [39],  all  have  in  common  a  nice  dendritic  shape  (see  Fig. 
2).  The  variable  temperature  STM  images  show  that  their  branches  preferentially  grow  into  three 
directions,  which  are  rotated  by  120°  whh  respect  to  each  other.  As  will  become  evident  from  Fig. 
3  below,  they  are  the  crystallographic  (l  12) -directions  which  are  perpendicular  to  A-steps,  one  of 
them  has  been  labeled  A. 

For  the  first  case  of  Ag/Pt(l  1 1)  (Fig.  2  A)  the  trigonal  symmetry  of  the  aggregate  is  best  seen 
from  its  triangular  envelope,  but  also  the  longest  central  branches  clearly  point  into  the  preferred 
growth  directions.  Notice  also  that  the  material  attached  to  the  straight  substrate  step  in  the  lower 
part  of  the  image  does  not  grow  perpendicular  to  the  edge  (which  would  be  the  B-direction  since 
this  step  is  a  (1 1  l}-facet,  i.e.  of  B-type)  but  instead  in  two  of  the  A-directions  forming  angles  of 
±30°  with  respect  to  the  step.  At  80K  islands  are  too  small  to  branch  more  than  once  and  the 
growth  anisotropy  leads  to  equally  oriented  Y's  (inset  Fig.  2A).  For  Ag/Ag(lll)  (Fig.  2B)  the 
preferred  growth  in  three  directions  is  clearly  seen  from  of  the  central  branches  of  the  aggregates. 
The  trigonal  symmetry  of  the  aggregates  on  one  pseudomorphic  Ag  layer  is  even  more 
pronounced.  Their  shape  resembles  very  much  that  of  needle  crystals,  which  are  the  extreme  case 
of  anisotropic  growth  [40].  These  examples  strongly  suggest  that  dendritic  growth  is  common  for 
low  temperature  metal  aggregation  on  hexagonally  close  packed  metal  surfaces  at  usual  growth 
rates.  In  fact  also  Pt  islands  formed  at  low  T  seem  to  have  dendritic  shapes  with  preferential 
growth  in  A-direction  [41]. 

In  order  to  analyze  the  atomistic  process  responsible  for  the  formation  of  dendrites  on 
hexagonal  surfaces,  we  will  distinguish  between  two  diffusion  processes  that  can  take  place  at  the 
island  edge.  Depending  on  whether  an  adatom  starts  from  a  site  which  is  laterally  two-  or  one-fold 
coordinated  to  the  island,  i.e.  whether  the  initial  site  is  an  edge  or  a  comer,  we  will  call  its 
displacement  edge-  or  corner-diffusion,  respectively  [42].  For  comer  diffusion  the  final 
coordination  can  be  1  or  2.  For  edge  diffusion  the  final  coordination  is  2.  The  case  where  an  edge 
atom  (2-fold  coordinated)  goes  to  a  comer  (1-fold)  becomes  important  at  higher  temperatures,  and 
should  be  treated  separately. 

It  turns  out  that  this  distinction  is  rather  useful  since  these  processes  have  quite  different  effects 
on  the  aggregate's  shape.  Edge  diffusion  leads  to  a  thickening  of  the  aggregates'  branches  [22- 
25].  Closer  inspection  of  the  dendrites  in  Fig.  2  indeed  reveals  that  the  branches  become  thicker  in 
going  from  images  (A)  to  (C)  (notice  the  different  scale).  From  the  narrow  branches  for  Ag  on 
Pt(l  11)  in  Fig.  2 A  (2+1  atoms  wide)  we  can  deduce  that  edge  diffusion  is  practically  frozen  (at 
130K  and  the  applied  deposition  flux)  [25].  Edge  diffusion  is  active  for  Ag/Ag(lll)  at  IlOK, 
since  branches  are  8+1.5  atoms  wide  [25]  (Fig.  2B).  It  is  even  more  involved  in  the  case  of 
Ag/lMLAg/Pt(l  11)  leading  to  18+3  atoms  wide  branches  (Fig.  2C).  From  the  fact  that  dendritic 
growth  occurs  in  all  examples  shown  in  Figure  2,  independent  from  the  amount  to  which  edge 
diffusion  is  involved,  we  can  argue  that  it  is  very  unlikely  to  be  the  origin  of  dendritic  growth 
[43]. 
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Fig.  2:  Dendritic 
patterns  form  for 
deposition  of  Ag 
onto  Pt(l  11)  at 
130K  (A)  and  80K 
(inset),  onto 
Ag(lll)at  IlOK 
(B),  and  on  a 
pseudomoiphic 
monolayer  of  Ag 
adsorbed  on  Pt(l  1 1) 
atl70K(C).  The 
STM  topographs 
have  been  recorded 
isothermally  to 
deposition  and  show 
the  surface  as  it 
appears  when 
illuminated  from  the 
left.  The  Ag 
coverage  is  0  = 
0.12ML,the 
deposition  flux  F  = 
1.1x10-3MLs-1. 


In  order  to  proceed  ftirther  in  our  analysis  we  identify  the  crystallographic  directions  in  which 
branching  preferentially  occurs  in  the  experiment  (see  Fig.  3).  One  way  to  calibrate  the 
crystallographic  directions  on  a  hexagonal  substrate  is  to  create  vacancy  islands  with  the 
thermodynamic  equilibrium  shape  [44].  These  quasi  hexagons  are  bound  by  6  monoatomic  steps 
running  in  the  close  packed  (llO) -directions.  They  devide  up  into  B-  and  A-type  steps  opposing 
each  other.  Due  to  their  lower  free  energy,  the  first  ({lll}-facets)  are  the  long  sides  of  the 
hexagons,  while  the  latter  ({100}-facets)  form  the  short  ones.  Ag  has  been  deposited  at  lOOK  onto 
a  substrate  where  these  vacancy  island  mark  the  crystallographic  directions.  At  this  temperature, 
the  aggregates  obey  Y-shape  for  the  same  reason  as  at  80K  (inset  in  Fig.  2AT  they  are  too  small  to 
branch  more  than  once.  Their  branches  are  oriented  exclusively  into  the  (l  12) -directions,  i.e. 
perpendicular  to  A-steps,  which  are  also  the  preferred  growth  directions  for  the  bigger  aggregates 
shown  above  (Fig.  2). 


Fig.  3:  The  anisotropic  growth  leads  to  small  Y-shaped  dendrites  for  Ag  on  Pt(lll)  at  lOOK. 
Removal  of  about  0.5ML  of  the  Pt(l  1 1)  substrate  by  sputtering  (600K)  and  subsequent  annealing 
(TOOK)  creates  equilibrium  vacancy  islajids.  They  serve  as  calibration  for  the  two  different 
crystallographic  directions  labeled  A  for  (l  12),  and  B  for  (ll2),  respectively.  It  is  evident  that 
the  branches  of  these  Y's  exclusively  grow  into  A-directions,  i.e.,  perpendicular  to  A-steps. 

In  order  to  get  insight  into  the  relaxation  processes  at  the  aggregate's  perimeter  we  have 
calculated  diffusion  barriers  with  Effective  Medium  Theory  (EMT)  [45,  46].  The  results  show 
that  for  all  three  cases  where  we  found  dendritic  growth  in  the  STM  experiment,  comer  diffusion 
to  an  A-step  has  a  much  lower  barrier  than  displacement  from  a  comer  to  a  B-step  (Fig.  4  and 
Table  1).  This  asymmetry  can  be  rationalized  from  simple  geometric  reasons.  From  inspection  of 
the  model  in  Fig.  4  it  becomes  evident  that  displacement  from  a  comer  to  an  A-step  can  be  done  via 
an  hcp-hollow  site  without  loosing  the  coordination  to  the  heptamer,  whereas  for  diffusion 
towards  a  B-step  the  hep-site  is  situated  too  close  towards  the  island.  Thus  the  adatom  has  to  walk 
almost  over  an  on-top  site,  which  is  much  more  costly  in  energy. 
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Fig.  4:  Difference  in  total  energy  of  a  Ag  adatom  diffusing  around  a  Ag  heptamer  on  Pt(l  1 1)  as 
calculated  with  EMT  (A-  and  B-directions  are  indicated  in  the  ball  model).  The  diffusion  processes 
with  the  lowest  barriers  evidently  are  that  from  a  comer  (C)  and  the  hep-site  close  to  it  to  an  A- 
step. 

For  some  systems  like  Pt(l  1 1)  [36]  and  Au(l  11)  homoepitaxy,  the  comer  asymmetry  is  less 
pronouneed  in  the  EMT-calculations  and  the  direetion  is  even  inverted,  i.e.,  displacement  to  B- 
steps  is  slightly  preferred  (Pt:  Eac/Ebc  =  212meV/173meV,  Au:  Eac/Ebc  -  146meV/101meV). 
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Therefore,  it  is  important  to  notice  that  there  is  a  second  anisotropy  which  generally  holds  for 
hexagonally  close  packed  surfaces.  An  atom  that  diffuses  towards  an  A-step  close  to  a  comer  does 
this  via  the  hep-site  located  between  the  two  fcc-sites  at  the  comer  and  the  A-step  (ball  model  Fig. 
4).  Already  at  this  point,  it  feels  the  two-fold  coordination  at  the  step  and  has  a  much  lower  barrier 
to  go  there  than  to  diffuse  to  the  comer  site  (see  asymmetry  in  activation  energy  aropd  the  hcp-site 
and  the  flashes  indicating  an  approaching  atom  in  Fig.  4).  On  a  B-step,  the  decision  whether  the 
atom  goes  to  the  comer  or  the  step  is  made  much  earlier  so  that  it  is  not  guided  to  the  step. 

Both  these  asymmetries  give  a  significant  preference  in  populating  A-steps.  It  is  important  to 
note  that  both  diffusion  processes,  i.e.,  comer  to  A-step  and  that  from  the  hcp-site  to  an  A-step, 
have  an  activation  energy  comparable  to,  or  even  below,  that  obtained  for  terrace  diffusion. 
Therefore,  relaxation  towards  A-steps  is  active  as  soon  as  nucleation  and  aggregation  set  in,  and 
the  classical  hit  and  stick  DLA  cluster  do  not  form.  The  barriers  for  the  more  difficult  comer 
process  (comer-to-B  step),  and  those  for  edge  diffusion,  as  well  as  to  escape  from  an  edge  to  a 
corner,  are  significantly  higher,  which  implies  that  these  processes  can  be  frozen  at  low 
temperatures. 

Let  us  now  see  how  this  specific  preference  for  A-steps  decides  on  the  shape  of  the  growing 
aggregate.  We  assume  to  start  from  a  tetramer  which  is  bound  by  two  A-  and  B-steps.  Atoms 
impinging  at  comers  adjacent  to  an  A-step,  as  well  as  those  approaching  the  A-step  at  the  two 
neighboring  hep-sites,  will  end  up  at  the  A-step,  which  significantly  increases  the  probability  of 
attachment  there.  Once  the  atoms  are  at  A-steps,  they  form  a  protmding  tip  and  thus  have  a  slightly 
higher  capture  rate  than  straight  steps.  This  is  known  as  "tip-effect"  or  Mullins  Sekerka  instability 
[2,  47].  Atoms  arriving  at  such  an  atomic  "tip",  can  diffuse  force  and  back  between  the  two 
comer  sites  but  they  cannot  escape  from  there,  since  this  would  be  diffusion  to  the  adjacent  B- 
steps  which  is  frozen.  If  a  second  atom  arrives  at  the  respective  free  comer,  a  new  A-step  is 
formed,  which  then  again  collects  very  effectively  diffusing  atoms  and  growth  in  the  A-direction 
proceeds.  If  the  atom  arrives  such  that  a  linear  chain  in  the  close  packed  direction  would  be 
formed,  the  EMT  calculations  suggest  that  these  chains  can  relax  with  a  low  energy  barrier  to  a 
more  compact  form  which  also  ends  with  an  A-step.  Therefore,  growth  of  Y’s  occurs  as  A-steps 
effectively  capture  atoms,  these  atoms  form  tips  which  are  traps  for  attaching  atoms  due  to  the 
frozen  comer-to-B  diffusion.  Atoms  attached  there  thus  stay  until  a  partner  arrives  to  form  a  dimer 
whieh  provides  new  A-steps.  Direct  attachment  to  B-steps  leads  to  statistical  deviations  from  this 
behavior.  However,  it  also  creates  new  A-steps  which  can  be  the  origin  for  a  new  branch  in  the 
preferred  A-directions. 

Table  1:  Energy  barriers  for  the  most  relevant  atomic  diffusion  processes  involved  in  metal 
aggregation  on  hexagonal  substrates  for  the  systems  studied  in  Figs.  1  and  2  (Em  stands  for  terrace 
diffusion,  Eac  for  comer-to-A-step,  Ebc  for  comer-to-B-step,  Eac  and  Ebc  denote  A-  and  B-edp 
diffusion).  The  experimental  values  for  terrace  diffusion  have  been  obtained  by  the  analysis  of  the 
saturation  island  density  as  a  function  of  T  at  a  critical  cluster  size  of  1  [48,  49]  .  (*  m  Fig.  4D 
Ebc  has  been  lowered,  **  Em  has  been  lowered  for  13 OK  in  order  to  account  for  dimer  instability 
at  this  temperature,  see  text.) 

Em  [meV]  Em  [meV]  Eac/Ebc 
STM  EMT  EMT 

157±10  80  80/248 

97+10  ~  67  '  73/139 

60+10 _ 50 _ 39/165 

To  test  the  ideas  on  the  mechanism  for  dendritic  growth  we  performed  Kinetic  Monte-Carlo 
(KMC)  simulations  (the  KMC-program  has  been  described  in  ref.  [36])  for  Ag/Pt(lll)  on  a 
hexagonal  lattice  where  we  distinguish  between  A-  and  B-direetions  (see  Fig.  5).  Activation 
energies  on  surfaces  are  often  underestimated  by  the  EMT.  However,  the  EMT  generally  gives  a 


Ag  diffusion  on 
substrates: 


Pt(lll) 


Ag(lll) 


lMLAg/Pt(lll) 


EAe^Be  Eac/Ebc  Em[meV] 
EMT  KMC  KMC 

187/389  160/500  160 

_ 160/320*  120** 

222/300  — _ 

167/354  —  — 
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good  idea  on  the  energetic  hierarchy  of  different  diffiision  processes.  Therefore,  as  a  first  input  for 
the  KMC  we  use  the  EMT  activation  energies  scaled  by  a  common  factor  of  2,  since  then  the 
barrier  for  terrace  diffusion  equals  the  experimental  value  of  Em  =  1 60meV  [48] .  All  prefactors 
have  been  set  to  the  experimental  value  for  terrace  diffusion  of  IxlO^^s'h  Using  Em  =  160meV  in 
a  KMC  simulation  nicely  reproduces  the  experimental  island  densities  at  temperatures  up  to  1  lOK, 
where  dimers  are  stable  and  immobile.  In  our  simulations  done  at  130K,  we  have  used  Em  = 
120meV  as  an  effective  barrier  for  terrace  diffusion  which  then  also  accounts  for  the  dimer 
instability  or  mobility.  This  way,  we  again  get  the  experimental  island  density  at  130K  and  thus  the 
correct  lateral  impinging  rate  of  atoms  to  each  island. 
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Fig.  5:  KMC  simulations  of  the  STM  experiments  for  Ag/Pt(l  1 1).  As  in  Fig.  2 A,  the  scale  is  the 
same  for  figures  and  insets,  they  correspond  to  growth  temperatures  of  130K  and  80K, 
respectively.  Coverages  and  deposition  rates  are  as  in  the  experiment.  For  hit  and  stick,  classical 
DLA  fractals  result  (A).  The  key  process  for  dendritic  islands  is  diffusion  from  comer  to  A-steps 
(B).  Close  packed  chains  that  occasionally  form  in  (B)  are  no  more  observed  when  a  small  atomic 
row  is  allowed  to  relax  (C).  Best  agreement  with  experiment  is  obtained  when  comer  to  B-step 
diffusion  is  introduced  (D). 
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The  KMC  simulations  shown  in  Fig.  5  nicely  illustrate  the  influence  of  the  different  processes 
on  the  island  shape.  The  hit  and  stick  case,  whem  terrace  diffusion  and  jump  down  from  island 
tops  are  the  only  atomic  displacements  allowed,  gives  the  classical  randomly  ramified  DLA  fractals 
where  the  substrate  symmetry  is  not  visible  in  the  overall  cluster  shape  (Fig.  5  A).  Turning  on 
comer  diffusion  towards  A-steps  induces  a  marked  change  towards  trigonal  symmetry  with 
branches  predominantly  growing  into  A-direction  (Fig.  5B).  However  the  aggregates  form 
monoatomic  chains  along  (l  lO)  and  the  Y-shaped  islands  experimentally  observed  at  80K  cannot 
be  reproduced  (see  inset  in  Fi^  5B)  .  If  we  introduce  further  the  collective  relaxation  of  these 
chains,  we  can  improve  this.  The  scaled  EMT  barrier  of  Ecoii  =  240meV  is  too  high  for  the  process 
to  happen  sufficiently  frequent  at  80K,  but  choosing  Ecoll  =  160meV  we  get  a  strikingly  good 
agreement  with  the  experimental  island  shapes  at  130K  and  80K  (Fig.  5C  and  inset). 

We  want  to  point  out  that  the  important  time  scale  for  all  relaxation  processes  at  the  island  edge 
is  the  lateral  impinging  rate  of  diffusing  atoms.  The  observed  island  shapes  at  80K  set  an  upper 
limit  of  160meV  for  the  barriers  of  the  comer-to-A  process  and  the  collective  relaxation  of  the 
(lIO) -chains.  Speeding  up  these  processes  by  reducing  their  energy  barriers  in  the  simulations 
would  not  significantly  change  the  morphology  of  the  obtained  islands  (Fig.  5B-D).  Similarly,  we 
find  that  the  experimentally  observed  island  shapes  at  130K  (Fig.  2A)  set  a  lower  limit  of  320meV 
for  the  barrier  of  the  comer-to-B  process.  The  scaled  EMT  barrier  of  500meV  freezes  this  process 
completely  even  at  130K.  In  Fig.  5D,  we  show  the  result  of  a  simulation  using  Ebc  -  320meV  at 
130K.  This  gives  an  even  better  agreement  with  the  experimentally  observed  islands.  There  is  still 
strongly  preferred  growth  perpendicular  to  the  A-steps,  however,  now  the  simulated  islands  bear 
some  of  the  randomness  characteristic  of  the  experiment  with  occasional  growth  of  the  branches 

perpendicular  to  B-steps.  ,  .  ,  ,  ,  •  j  u 

In  general,  the  growth  direction  of  the  aggregate's  branches  is  largely  determined  by  comer 
diffusion.  It  decides  whether  randomly  ramified  or  dendritic  patterns  will  evolve,  and  determines 
the  orientation  of  the  latter.  The  branch  width,  on  the  other  hand,  is  determined  by  edge  diffusion, 
which  has  much  less  influence  on  their  growth  direction.  Finally,  compact  islands  can  only  be 
formed  if  atoms  can  leave  the  two-fold  coordination  at  edges  and  diffuse  around  comers,  a  process 
which  has  a  slightly  higher  barrier  than  edge  diffusion. 


CONCLUSIONS 

In  conclusion,  we  have  presented  STM  experiments  at  low  temperature  showing  that  randomly 
ramified  growth  is  the  exception  whereas  dendritic  growth  is  the  mle  for  diffusion  limited  metal 
aggregation  on  three  different  hexagonal  surfaces.  The  kinetic  mechanism  giving  rise  to  the 
trigonal  symmetry  has  been  identified  by  using  EMT  energy  calculations  and  kinetic  Monte-Carlo 
simulations.  The  key  process  is  the  preferential  diffusion  of  atoms  from  one-fold  comer  sites  as 
well  as  from  sites  between  a  comer  and  a  step  towards  A-steps.  Both  processes  significantly 
increase  the  population  of  these  steps  and  thereby  promote  dendritic  growth.  Since  at  least  the  latter 
is  always  present,  dendritic  growth  is  expected  to  be  the  mle  for  low  temperature  metal  aggregation 
on  hexagonally  close  packed  substrates. 
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Abstract 

We  show  how  computer  simulations  can  give  unique  information  on  the  growth  of  nanos¬ 
tructures  and  thin  films.  Specifically,  they  can  predict  the  morphologies  and  the  island 
size  distributions  corresponding  to  different  growth  mechanisms.  This  information  cannot 
be  obtained  from  other  approaches  such  as  mean-field  mathematical  theories  or  scaling 
analysis.  Special  attention  is  given  to  the  effects  of  small  cluster  mobility  on  experimental 
results. 

Introduction 

Controlled  growth  of  both  thin  films  and  nanostructures  lies  at  the  heart  of  the  present  and 
future  of  the  electronics  industry.  It  is  no  suprise  then  that  great  efforts  have  been  put  into 
gaining  a  deeper  understanding  of  the  growth  mechanisms  [1].  The  essential  ingredients 
are  well-known  (Fig.  1)  :  deposition  of  the  atoms  onto  a  surface  with  a  fixed  flux,  diffusion 
of  these  atoms  on  the  surface  and  some  aggregation  mechanism  that  explains  the  growth 
of  islands  onto  the  initially  empty  substrate  [2].  Still,  predicting  the  way  these  ingredients 
combine  to  generate  the  growth  is  a  formidable  task  for  several  reasons  :  the  number 
of  atoms  deposited  on  the  surface  (typically  10^^  per  second),  the  randomness  of  several 
processes  including  the  deposition  site  and  time,  the  diffusion  direction,  etc. 

There  have  been  great  improvements  in  our  understanding  of  the  first  stages  of  thin 
film  growth  these  last  years  [1].  We  believe  that  they  are  due  to  the  conjunction  of  two 
major  breakthroughs.  On  the  experimental  side,  scanning  tunneling  microscopy  permits 
the  investigation  of  atomic  details  of  the  embryonic  “sub-monolayer”  stages  of  film  growth 
[3,  4,  5].  On  the  theoretical  side,  the  increase  of  computer  performance  has  allowed  precise 
simulations  of  the  growth  in  some  simple  cases  to  be  carried  out,  thus  enabling  a  better 
understanding  of  the  growth  [6,  7,  8,  9].  Here  we  show  a  model  that  incorporates  three  phys¬ 
ical  ingredients  of  thin  film  growth:  deposition,  diffusion  and  aggregation  (DDA).  We  have 
shown  in  detail  elsewhere  [7]  how  the  DDA  model  generates  a  wide  variety  of  fractal  struc¬ 
tures  characteristic  of  different  models  such  as  percolation,  diffusion  limited  aggregation 
(DLA)  or  cluster  cluster  aggregation  (CCA)  [10,  11].  We  compare  the  different  information 
that  can  be  derived  from  the  different  treatments  (analytical,  scaling  and  computer  simu¬ 
lations),  and  we  show  that  computer  simulations  give  unique  information  on  the  growth. 


Insufficiencies  of  existing  theories  :  two  examples 

What  is  usually  measured  experimentally  is  the  evolution  of  the  saturation  island  density 
Nmax  a  function  of  the  substrate  temperature.  This  yields  in  general  several  activation 
energies  that  have  to  be  connected  to  the  relevant  microscopic  activation  energies  of 
the  deposition  experiment  (diffusion  activation  energy  desorption  energy  E^,  binding 
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(a) 


Figure  1:  Schematic  representation  of  the  basic  processes  considered  in  this  model:  (a) 
deposition,  (b)  and  (d)  particle  diffusion,  (e)  island  diffusion  and  (c)  aggregation,  (b) 
corresponds  to  nucleation  (i.e.  a  new  island  (c)  is  created)  while  (d)  corresponds  to  growth 
of  an  already  existing  island. 


energy  of  an  atom  within  a  cluster  etc.).  It  is  precisely  the  link  between  Em  and  the 
different  unknown  energies  that  is  important.  This  relation  depends  specifically  on  the 
detailed  growth  mechanisms  present  during  the  growth,  namely  :  dimer  or  larger  cluster 
diffusion,  evaporation  of  atoms  from  the  surface  or  from  clusters,  etc.  For  example,  in  the 
simplest  case  when  only  monomers  can  move  and  any  kind  of  evaporation  is  neglected,  one 
finds  [12,  13,  14]  Em  =  EJ3. 

More  generally,  if  one  still  asssumes  that  only  monomers  can  move: 

Nmax  ^  F^exp[x{Ed  +  Ei/i)/{kBT)]  (1) 

where  F  is  the  incident  flux,  ks  Boltzmann  constant,  T  the  substrate  temperature,  Ed 
the  activation  energy  for  the  diffusion  of  a  monomer,  i  the  size  of  the  critical  nucleus  [13,  14] 
Ei  the  binding  energy  to  the  critical  nucleus  and  y  =  i/(i  +  2)  if  diffusion  of  single  atoms 
is  isotropic,  while  x  =  ^/(2i  +  2)  if  it  is  one  dimensional. 

If  one  asssumes  that  dimers  can  move  too  [7,  12,  16]  (we  take  i=l): 

-  F>:expl{E,  +  Er)/(5kBT)]  (2) 

where  now  Ed*  is  the  activation  energy  for  the  dimer  and  x  =  2/5. 

Then,  it  is  essential  to  have  a  precise  idea  of  the  mechanisms  present  on  the  surface  (do 
only  monomers  move?  or  do  dimers  too?  is  aggregation  irreversible?  do  atoms  evaporate 
from  the  surface?  etc.).  This  is  the  condition  to  extract  useful  data  (meaning  activation 
energies  for  diffusion,  evaporation,  etc.).  We  illustrate  this  with  two  examples  : 

(1)  experiments  by  Gunther  et  al.  [15]  of  gold  atomic  deposition  on  gold  surfaces.  By 
studying  the  flux  dependence  of  Nmax^  fhey  found  x  =  0.37  ±  0.03.  They  interpreted  this 
(and  other  verifications,  see  [15]  for  details)  as  the  sign  of  one  dimensional  diffusion  with 
i=3.  Alternatively,  one  can  account  for  the  exponent  by  assuming  that  dimers  can  move 
too  (x  =  2/5)  [7,  16].  How  can  we  decide  between  the  two  interpretations? 

(2)  Antimony  aggregate  deposition  on  graphite  [17,  18].  It  was  dificult  to  know  whether 
dimers  could  move  on  this  surface  or  not.  Plotting  the  island  density  as  a  function  of  the  flux 
leads  to  X  =  .37  ±0.05  [19]  again  too  imprecise  to  discriminate  between  the  two  hypothesis. 

The  point  is  that,  depending  on  the  interpretation,  the  activation  energies  found  for 
monomer  diffusion  for  example  are  different:  how  can  we  decide?  We  need  other  carac- 
teristics  of  the  growth  than  the  flux  dependence  of  the  saturation  density,  but  these  are 
difficult  to  obtain  with  usual  theories.  In  contrast,  computers  provide  an  “exact”  solution 
to  the  growth  problem  (no  mean-held  approximations  are  made).  We  will  show  here  how 
computer  simulations  can  predict  the  island  morphologies  and  the  island  size  distributions 
as  a  function  of  the  growth  hypothesis,  thus  providing  more  criteria  to  discriminate  between 
different  growth  hypothesis.  But  let  us  first  sketch  how  a  computer  model  is  built  up. 
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How  to  make  a  computer  model  for  nanostructure  growth? 

Once  the  essential  ingredients  of  the  simulation  have  been  indentified,  implementing  a  com¬ 
puter  program  is  not  difficult.  Specifically,  the  DDA  model  [7]  is  defined  as  follows  : 

(1)  Deposition.  Particles  are  deposited  at  randomly-chosen  positions  of  the  surface  at  a 
flux  F  per  lattice  site  per  unit  time. 

(2)  Diffusion.  All  particles  and  clusters  (sets  of  connected  particles)  are  chosen  at 
random  and  attempted  to  move  in  one  of  the  six  directions  of  the  triangular  network  by 
one  lattice  constant  per  unit  time.  The  probability  that  they  actually  move  is  proportional 
to  their  mobility,  which  we  assume  to  be  given  by  Dg  =  DiS~'^ .  Here  s  is  the  number 
of  particles  in  the  cluster,  Di  is  the  diffusion  coefficient  for  a  monomer  (s  =  1),  and  the 
parameter  7  characterizes  the  dependence  of  Ds  on  cluster  size. 

(3)  Aggregation.  If  two  particles  come  to  occupy  neighboring  sites,  they  (and  therefore 
the  clusters  to  which  they  belong)  stick  irreversibly. 

We  call  particles  the  isolated  atoms  (or  monomers)  that  are  deposited  on  the  surface, 
clusters  any  set  of  connected  particles  (including  the  monomers)  and  islands  the  clusters 
containing  more  than  one  particle.  Physically,  two  competing  mechanisms  are  introduced 
in  the  model,  each  one  with  its  own  time  scale:  deposition  and  diffusion.  It  is  useful  to 
introduce  the  normalized  flux  defined  as  the  number  of  particles  deposited  per  unit  site 
per  diffusion  time  r,  where  r  is  the  mean  time  needed  by  a  monomer  to  jump  by  a  lattice 
site.  The  monomer  diffusion  coefficient  is  then  given  by  Di  =  I /{At),  and  the  normalized 
flux  hy  (j)  =  Ft.  Then,  from  experimental  values  of  F  and  Dj  it  is  possible  to  calculate 
(j)  and  the  morphologies  predicted  by  our  model.  The  program  has  actually  been  written 
in  the  form  of  a  repeating  loop.  At  each  loop,  we  calculate  the  probability  for  dropping  a 
particle:  =  (l>L^ +  ^d)  where  L  is  the  system  size  and  is  the  total  number 

of  clusters  present  in  the  system.  A  random  number  p  is  chosen  and  compared  to  Pdrop- 
P  <  Pdropy  a-  particle  is  added  at  a  random  position  on  the  lattice.  If  p  >  pdrop^  ^  cluster  or 
a  particle  is  chosen  at  random  and  attempted  to  move.  In  both  cases,  the  time  is  increased 
by  tI(4>L‘^  -f  Nci). 

Structure  Morphologies  and  Dynamical  Evolution 

Mathematical  models  are  faced  with  great  difficulties  to  predict  the  morphologies  arising 
from  random  phenomena.  The  typical  example  is  diffusion  limited  aggregation  [11],  for 
which  there  exists  no  satisfactory  analytical  theory  of  the  aggregate  morphology  or  fractal 
dimension.  On  the  other  hand,  computer  simulations  can  predict  the  shapes  of  such  struc¬ 
tures,  as  shown  below.  We  present  here  snapshots  of  the  system  at  different  times  to  show 
the  formation  of  the  islands  for  two  different  aggregation  hypothesis.  These  images  were 
obtained  for  <;;!>  =  1.2  10“®  and  7  =  00  (i.e.,  only  monomers  are  allowed  to  move).  A  more 
detailed  presentation  of  the  dynamical  evolution  of  the  model  has  been  given  elsewhere  [7]. 
Actually,  it  is  more  interesting  to  use  the  surface  coverage  0  instead  of  the  time  as  the 
evolution  parameter.  9  is  defined  as  the  ratio  of  the  number  of  occupied  sites  to  the  total 
number  of  sites  on  the  surface,  and  for  the  times  studied  here  we  have  9  ~  Ft. 

At  very  short  times  {9  <  0.001),  mainly  monomers  (isolated  particles)  are  found  on 
the  substrate,  since  they  have  not  yet  met  another  one  to  form  a  cluster.  Later,  small 
clusters  are  homogeneously  grown  on  the  surface,  and  the  island  density  (i.e.  the  number 
of  islands  per  lattice  site)  starts  to  grow.  These  small  clusters  can  be  considered  as  the 
“nucleation  centers”  for  the  growth  (Fig.  2a).  As  time  increases,  large  clusters  grow  on 
these  nucleation  centers,  by  addition  of  single  particles.  These  clusters  are  very  similar 
to  some  nanostructures  obtained  experimentally  [4,  17].  We  have  found  that  their  fractal 
dimension  is  1.65,  very  close  to  the  fractal  dimension  of  the  DLA  clusters.  This  (DLA-like) 
growth  mechanism  goes  on  until  the  linear  dimension  of  the  clusters  becomes  comparable  to 
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Figure  2:  Morphologies  obtained  for  a  normalized  flux  ^  =  1.2  10“®,  a  system  size  L  = 
500  and  7  =  oo.  The  images  show  a  portion  400  x  300  of  the  triangular  lattice.  Two 
different  coverages  (corresponding  to  two  different  times  of  deposition)  are  shown:  (a)  and 
(c)  coverage  0.02  (b)  and  (d)  coverage  0.25.  (a)  and  (b)  illustrate  irreversible  aggregation  : 
each  particle  attaches  to  an  island  at  the  point  where  it  touched  it.  (c)  and  (d)  show  the 
morphologies  obtained  when  some  restructuring  is  allowed  :  the  particles  can  search  for  a 
more  coordinated  site  (and  go  there)  when  they  reach  the  island 
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the  separation  between  them  (Fig.  2b).  Then,  many  particles  start  to  fall  inside  the  clusters 
and  their  fractal  dimension  rapidly  increases.  Eventually  a  cluster  of  a  size  comparable  to 
the  system  size  is  built  :  the  effective  fractal  dimension  of  this  cluster  reaches  a  value  close 
to  1.9  [7].  When  non-irreversible  attachement  is  introduced,  the  morphologies  become  more 
compact,  as  shown  in  Figs.  2c-d  (see  also  Refs.  [9,  20]). 

Island  size  distributions 

In  the  last  paragraph  we  have  studied  the  behavior  of  the  model  when  only  monomers  are 
allowed  to  move  but  the  aggregation  mechanisms  can  change.  In  this  section,  we  want  to  ad¬ 
dress  some  consequences  of  (small)  cluster  diffusion.  It  has  long  been  recognized  that  cluster 
diffusion  can  influence  the  growth  of  the  films  [13,  21],  even  if  at  that  time  experimental 
proofs  were  lacking.  Recently,  experiments  [22]  and  molecular  dynamics  studies  have  shown 
that  small  clusters  can  move  on  the  surfaces  without  breaking  [23].  Generally,  however, 
the  experimental  results  are  analyzed  in  the  framework  of  the  different  models  containing 
only  monomer  diffusion.  Then,  the  interpretation  of  the  experiments  in  the  framework  of 
these  models  can  lead  to  wrong  conclusions  if  small  cluster  mobilty  is  indeed  present  in  the 
experiments  [16]. 

We  have  shown  previously  [7]  that  the  introduction  of  cluster  mobility  considerably 
changes  the  dynamics  of  the  growth.  Here  we  show  a  simple  method  to  detect  cluster 
mobility  :  island  size  distributions  [9,  24].  The  idea  is  to  rescale  the  island  size  distributions 
into  a  universal  distribution  that  depends  only  on  the  ingredients  of  the  model  (i.e.  the 
detailed  mechanisms  of  deposition,  diffusion  and  aggregation)  but  not  on  the  values  of  the 
flux  or  the  coverage.  Very  recently,  Mulheran  and  Blackman  [25]  have  given  some  interesting 
insights  of  why  such  a  universal  function  should  exist,  at  least  for  the  case  of  heterogeneous 
growth.  Their  argument  can  be  summarized  as  follows.  At  the  beginning  of  the  growth, 
nucleation  centers  form  (Fig.  2a).  Then,  each  center  grows  by  catching  the  monomers 
falling  inside  its  “capture  zone”,  roughly  identified  with  its  VoronoT  polyhedron.  Therefore 
its  size  is,  at  any  time,  proportional  to  the  surface  of  its  Voronoi*  polyhedron,  which  does 
not  change  with  time  (if  one  neglects  nucleation  of  new  islands  in  the  case  of  homogeneous 
nucleation).  The  result  is  that  at  any  coverage  the  size  distribution  of  the  islands  reproduces 
that  of  the  Voronoi  cells,  which  explains  the  rescaling  for  different  coverages.  We  show  in 
Figure  3  new  results  that  show  that  the  scaling  of  the  size  distributions  also  occurs  when 
clusters  are  allowed  to  move,  but  the  universal  function  is  different  from  that  found  when 
only  monomers  move.  Three  different  diffusion  hypothesis  have  been  made:  only  monomers 
move,  monomers  and  dimers  diffuse,  all  clusters  up  to  size  100  do  move  (7  =  1  has  been 
taken  in  the  two  last  cases).  We  see  that  the  universal  function  becomes  narrower  and  has 
a  higher  maximum  when  larger  and  larger  clusters  are  allowed  to  diffuse. 

A  comparison  between  the  rescaled  experimental  size  distribution  and  those  predicted 
by  the  DBA  model  (Fig  3)  can  help  decide  whether  dimers  or  larger  clusters  can  move  on 
the  surface.  In  the  case  of  aggregate  deposition  [17],  the  size  distribution  clearly  shows  that 
only  monomers  move  on  the  surface  (Fig  3). 

Conclusion 

We  have  shown  how  computer  simulations  can  provide  unique  information  on  the  growth  of 
thin  films.  The  Deposition,  Diffusion  and  Aggregation  (DDA)  model  has  been  presented. 
This  model,  which  incorporates  deposition,  particle  and  cluster  diffusion,  and  aggregation 
closely  reproduces  some  experimental  images  (compare  for  example  Figs  2  to  the  figures 
published  in  Refs  [4,  5,  17]).  We  find  that  the  model  permits  one  to  distinguish  the  effects 
of  deposition,  diffusion  and  aggregation,  raising  the  possibility  that  it  may  prove  useful  in 
future  studies  seeking  the  controlled  design  of  nanostructure  morphologies. 
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Figure  3:  Rescaled  island  size  distributions.  The  island  distributions  are  transformed  to 
p(s)  which  represents  the  probability  that  a  randomly  chosen  cluster  belongs  to  an  island 
containing  s  clusters  [9].  The  island  size  s  is  scaled  by  the  mean  island  size  s^.  Sets  (1)  to 

(3)  correspond  to  simulations  where  only  monomers  are  allowed  to  move  (7  =  00).  For  sets 

(4)  to  (6),  7  =  1  but  only  dimers  can  move,  while  for  sets  (7)  and  (8)  clusters  containing  up 

to  100  monomers  can  move.  (E)  indicate  the  experimental  island  size  distribution  obtained 
in  Ref  [17].  The  detailed  parameters  used  for  each  set  are  as  follows:  (1)  ^  =  10"®,  coverage 
0.3  ;(2)  <l>  =  10"®,  coverage  0.15  ;  (3)  (/»  =  10-^  coverage  0.1  ;  (4)  =  10  ^  coverage  0.05  ; 

(5)  (f>  =  10"®,  coverage  0.1  ;  (6)  =  10"®,  coverage  0.3  ;  (7)  (/>  =  10  ®,  coverage  0.15  ;  (8) 

(j)  =  10"®,  coverage  0.05  ;  (9)  =  10“®,  coverage  0.1.  The  lines  represent  averages  of  the 

distributions  for  each  diffusion  hypothesis. 
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ABSTRACT 

Small-angle  x-ray  scattering  has  been  used  to  investigate  the  structure  of  some  carbon  blacks, 
some  silicas,  and  an  alumina-silica  catalyst  carrier  on  length  scales  from  about  5  to  10,000  A. 
Equations  developed  for  structural  studies  of  fractal  and  non-fractal  aggregates  of  primary 
particles  have  been  employed  to  analyze  the  scattering  data.  From  the  intensity  data,  the  average 
diameters  of  the  primary  particles  could  be  calculated  or  estimated.  Despite  the  very  different 
origins  of  the  samples  and  the  fact  that  the  average  diameters  of  the  particles  varied  from  about  30 
to  over  1000  A,  the  scattered  intensities  from  the  samples  had  many  common  features.  The  data 
showed  that  the  primary  particles  had  a  uniform  density  and  were  bounded  by  smooth  or  fractal 
surfaces.  On  length  scales  greater  than  the  diameters  of  the  primary  particles  but  not  more  than  a 
few  times  larger  than  the  average  diameters  of  the  aggregates,  some  of  the  aggregates  were  mass 
fractals,  and  others  were  surface  fractals. 

INTRODUCTION 

Many  disordered  solids,  such  as  dried  silica  gels  and  carbon  blacks,  are  aggregates  of 
primary  particles.  The  diameters  of  the  primary  particles  can  be  as  small  as  10  A  or  as  large  as  a 
few  thousand  A.  These  solids  have  many  important  uses.  For  example,  in  the  sol-gel  process  for 
making  glass,  silica  xerogels  (dried  gels)  are  precursors  for  glasses  that  have  applications  that 
range  from  glass  fibers  to  packaging  materials  for  electronic  components.  Carbon  blacks  are 
often  added  to  synthetic  polymers  to  reinforce  them  or  to  make  them  electrically  conducting. 

Information  about  the  structure  of  silicas  and  carbon  blacks  can  suggest  how  to  employ 
these  materials  both  more  effectively  and  also  more  widely. 

We  have  recently  used  small-angle  x-ray  scattering  to  determine  the  structure  of  some  silicas 
and  carbon  blacks.  The  following  sections  give  a  preliminary  report  of  some  of  our  results. 

ANALYSIS  OF  THE  SCATTERING  DATA 

Small-angle  x-ray  scattering! -3  is  a  technique  for  investigating  structures  on  length  scales 
from  about  5  through  10,000  A.  In  a  small-angle  scattering  study,  a  beam  of  x-rays  strikes  the 
sample  being  investigated.  A  small  fraction  of  the  beam  that  strikes  the  sample  is  scattered  (/.  e. 
re-emitted)  in  other  directions.  The  structure  of  the  sample  determines  the  intensity  scattered  at 
an  angle  0  with  respect  to  the  incoming  beam.  (Often  0  is  called  the  scattering  angle.)  From 
analysis  of  the  dependence  of  the  scattered  intensity  on  the  scattering  angle  0,  information  can  be 
obtained  about  the  structure  of  the  sample. 

The  scattered  intensity  can  be  conveniently  described  by  the  quantity^ 

q  =  _sin(0/2), 

K 


(1) 
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where  0  is  the  scattering  angle,  and  X  is  the  wavelength.  When  a  structure  characterized  by  a  length  A 
is  studied  by  scattering,  most  of  the  information  about  the  structure  of  the  scatterer  will  be  obtained  for 
values  of  q  for  which4.5 

0.1<qA<20.  (2) 

According  to  Inequalities  (2),  the  scattered  intensity  I(q)  from  a  scatterer  of  diameter  A  depends  on  the 
quantity  qA.  (The  diameter  of  a  structure  is  defined  to  be  the  largest  distance  by  which  two  points  in 
the  structure  can  be  separated.  For  a  sphere,  this  definition  is  equivalent  to  the  ordinary  diameter.) 
Therefore  the  scattered  intensity  from  structures  of  large  diameter  is  observed  almost  entirely  at 
relatively  small  values  of  q,  and  in  scattering  studies  of  the  structure  of  scatterers  with  smaller 
diameters,  the  intensity  must  be  measured  at  larger  q  values.  Inequalities  (2)  are  a  guide  to  what  the 
terms  “large  q”  and  “small  q”  mean  in  a  given  investigation.  In  the  rest  of  this  report,  we  will  refer  to 
Inequalities  (2)  as  the  resolution  criterion. 

For  systems  of  randomly  oriented,  independent  scatterers,  I(q)  will  not  differ  appreciably 
from  1(0)  when  qA  <  0.1.  If  qA  is  not  large  compared  to  1,  the  approximation 

=  (3) 

can  be  used  to  find  the  radius  of  gyration  Rg.^  Equation  (3)  is  often  useful  for  order-of-magnitude 
estimates  of  the  average  diameter  a  of  the  structure  that  causes  the  scattering.  The  relationship 
between  A  and  the  radius  of  gyration  Rg  depends  on  the  shape  and  charp  distribution  of  the  scatterer, 
but  in  most  cases,  2  Rg  <  A  <  3.5  Rg.  For  a  spherical  scatterer  of  diameter  A  that  has  a  uniform 
density,  A  =  (20/3) Rg  ~  2.6  Rg. 

When  qA  »  1,  the  intensity  can  usually  be  approximated  by  the  equation^’'^ 

I(q)  =  Ied(A,a)q'“  (4) 

where  a  and  d(A,  a)  are  positive  constants,  and  le  is  the  scattered  intensity  that  would  be  observed 
from  one  electron.  Scattered  intensities  that  can  be  described  by  Eq.  (4)  are  often  referred  to  as 
"power-law  scattering”,  because  I(q)  is  proportional  to  a  negative  power  of  q.  Important  information 
can  be  obtained  from  the  magnitude  of  the  power-law-scattering  exponent  a  in  Eq.  (4).  Often  it  is 
possible  to  determine  whether  scatterers  have  smooth  or  fractal  surfaces. When  the  scatterer  has  a 
uniform  density  and  surfaces  with  a  fractal  dimension  D,  a  =  6  -  D.  If  the  boundary  surfaces  are 
smooth,^  D  =  2,  and  a  =  4.  (A  smooth  surface  is  a  limiting  case  of  a  fractal  surface.)  If  the  scatterer 
is  a  mass  fractal  with  a  fractal  dimension  D,  a  =  D.  For  mass  fractal  scatterers,  D  <  3,  and  2  <  D  <  3 
for  surface  fractals.  Thus,  a  <  3  for  a  mass  fractal  scatterer,  and  for  solid  scatterers  with  a  uniform- 
density  that  are  bounded  by  fractal  or  smooth  surfaces,  3  <  a  <  4. 

We  define  the  parts  of  the  intensity  I(q)  in  which  I(q)  can  be  described  by  Eqs.  (3)  and  (4)  as 
the  radius-of-gyration  region  and  the  power-law  region,  respectively. 

The  intensity  curves  in  Fig.  1,  which  were  obtained  from  a  carbon  black,  an  alumina-silica,  and 
a  silica  gel,  are  very  different  from  what  would  have  been  expected  for  the  scattered  intensity  from  a 
system  of  scatterers  that  can  be  characterized  by  a  single  length,  which  is  the  average  diameter  of  the 
scatterers.  Instead  of  a  radius-of-gyration  region  at  the  smallest  values  of  q,  followed  by  a  power-law 
region  at  larger  q,  there  is  a  power  law  region  at  the  smallest  q  values  included  in  Fig.  1 ,  and  at 
larger  q  there  is  a  region  in  which  I(q)  could  be  described  by  Eq.  (3). 

To  explain  and  analyze  data  like  those  plotted  in  Fig.  1,  we  have  developed  a  model  that  we  call 
the  “bunch  of  grapes”  model.^  This  model,  which  makes  use  of  the  resolution  criterion  expressed  by 
Inequalities  (2),  considers  a  system  of  N  independently- scattering  aggregates  that  have  an  average 
diameter  A  and  that  are  composed  of  an  average  number  n  of  primary  particles  with  average  diameter 
b.  We  assume  that  A  »  b.  Then,  when  qA  does  not  greatly  exceed  1,  the  intensity  I(q)  can  be 
approximated  by  Eq.  (3),  with  a  radius  of  gyration  Rg  that  is  the  average  v^ue  for  the  system  of 
aggregates.  This  part  of  the  I(q)  curve  is  equivalent  to  Regions  1  and  2  of  Fig.  2.  When  qA  »  1, 
but  qb  «1,  the  scattering  process  “sees”  only  the  aggregates,  and  the  intensity  can  be  approximated 
by  Eq.  (4).  Thus  Regions  1  and  2  in  Fig.  2  are  the  radius-of-gyration  region  for  the  aggregates,  and 
Region  3  is  the  power-law  region,  with  an  exponent  that  gives  information  about  the  aggregates. 
When  q  no  longer  is  negligible  with  respect  to  1 ,  a  region  like  Region  4  can  often  be  observed  in  this 
part  of  the  I(q)  curve.  This  part  of  the  curve,  which  can  contain  both  a  radius  of  gyration  region  and 
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Fig.  1  (left).  The  scattered  intensity  I(q)  from  a  carbon 
black  (upper  curve),  an  alumina-silica  (middle  curve),  and  a 
silica  xerogel  (lower  curve).  Point  measured  with  the  Bonse- 
Hart  system  are  shown  by  circles,  and  x’s  denote  intensities 
records  on  the  Oak  Ridge  pinhole  system  (lower  curve),  or 
(upper  two  curves)  with  the  Kratky  system  at  the  University  of 
Missouri,  or  with  the  New  Mexico  pinhole  system. 

Fig.  2.  (center)  A  typical  intensity  curve  from  a  system 
of  aggregates.  The  numbers  on  the  curve  are  discussed  in  the 
text. 

Fig.  3.  (right)  The  scattered  intensity  from  the  three 
TB4500  carbon  black  samples. 


a  power-law  region,  gives  information  about  the  average  diameter  and  boundary  surfaces  of  the 
primary  particles. 

To  use  the  bunch  of  grapes  model  to  analyze  the  intensity  curves  in  Fig.  1  and  Figs.  3-6, 
we  consider  that  the  aggregates  are  so  large  that  Regions  1  and  2  in  Fig.  2  cannot  be  recorded 
with  the  available  equipment,  and  so  only  Regions  3  and  4  in  Fig.  2  appear  in  the  intensity 
curves.  Then  the  power  laws  at  the  smaller  values  of  q  in  Fig.  1  and  Figs.  3-6  correspond  to 
Region  3  in  Fig.  2  and  the  intensities  at  larger  q  make  up  Region  4,  which  gives  information 
about  the  properties  of  the  primary  particles.  If  intensities  can  be  measured  at  large  enough  q, 
Region  4  will  have  both  a  radius-of-gyration  region  and  power  law  region. 

To  obtain  quantitative  information,  we  expressed  the  intensity  I(q)  by  the  equation 

I(q)  =  P(q)S(q).  (5) 

In  Eq.  (5),  P(q),  the  form  factor,  is  equal  to  the  average  scattered  intensity  that  would  be  obtained 
from  the  nN  primary  particles  if  these  particles  scattered  independently,  and  S(q)  describes  the 
effects  of  interactions  between  particles.  We  have  found  that  the  equation^o 


I(q)  =  P(q) 


o 

II 

+ 

[q  J 

(6) 


is  useful  for  analysis  of  the  scattering  data.  The  constants  F,  P(0),  I,  a,  and  p  can  be  evaluated 
from  fits  of  Eq.  (6)  to  the  data. 
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Fig.  4.  (left)  The  scattered  intensity  I(q)  from  the  initial  and  the  activated  Acetylene  Black  Y50A. 
Fig.  5  (middle)  The  scattered  intensity  I(q)  from  Sipemat  22LS  precipitated  silica. 

Fig.  6  (right)  The  scattered  intensity  I(q)  from  carbon  black  N990. 

EXPERIMENTAL  TECHNIQUES 

The  silica  xerogel  was  hydrolyzed  from  tetramethoxysilane  at  a  molar  water-silane  ratio  of 
9.4  by  D.  Avnir  and  his  colleagues  at  the  Hebrew  University  of  Jerusalem.  1 1  The  alumina  silica 
is  equivalent  to  Alumina-Silica  SA  6173  catalyst  carrier,  which  is  a  product  of  Norton  Chemical 
Process  Corp.  Sipemat  22LS  precipitated  silica  is  made  by  Degussa.  All  of  the  carbon  blacks  are 
commercial  products. 

The  small-angle  scattering  data  for  q  smaller  than  about  0.2  A'^  were  measured  on  a  Bonse- 
Hart  scattering  systemic  ^t  the  Sandia  National  Laboratories-University  of  New  Mexico 
Scattering  Laboratory  in  Albuquerque,  New  Mexico.  Data  for  q  >  0.01  A  were  obtained  either  on 
a  Kratky  scattering  system^  3  at  the  University  of  Missouri  or  on  a  pinhole  scattering  system^^  at 
the  Sandia  National  Laboratories-University  of  New  Mexico  Scattering  Laboratory.  The 
intensity  curve  for  the  silica  xerogel  was  recorded  at  the  Scattering  Centers  in  Albuquerque,  New 
Mexico  and  at  Oak  Ridge  National  Laboratory  in  Oak  Ridge,  Tennessee.  ^4 

RESULTS,  DISCUSSION,  AND  CONCLUSIONS 

Our  results  are  presented  in  Fig.  1,  Figs.  3-6,  and  Table  I.  To  analyze  our  results  in  these 
figures,  we  have  concluded  that  the  power-law  and  radius-of-gyration  regions  in  Fig.  1  and  Figs. 
3—6  correspond  to  Regions  3  and  4  in  Fig.  2.  According  to  the  bunch  of  grapes  model  and  the 
resolution  criterion  expressed  in  Inequalities  (2),  at  the  smaller  values  of  q  in  these  plots,  the 
scattering  process  is  unable  to  resolve  the  primary  particles  and  instead  “sees”  the  “bunch  of 
grapes”  as  a  single,  relatively  large  scatterer,  (/.  e.,  as  an  aggregate).  When  q  has  become  larger, 
the  individual  grapes  can  be  resolved.  Therefore,  in  Fig.  1  and  Figs.  3—6,  the  inner  power-law  at 
smaller  q  gives  or  for  the  aggregates.  The  region  of  the  intensity  at  larger  q  gives  in¬ 
formation  about  the  average  radius  of  gyration  and  the  boundary  surfaces  of  the  primary  particles. 
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TABLE  I 

PROPERTIES  OF  THE  AGGREGATES 


Name 

Grade 

or 

Type 

^BCT 

(m%) 

(a) 

(b) 

Ds 

(c) 

Dm 
or  Ds 
(d) 

(e) 

b 

(0 

Carbon  Black  N330 

Reinforcing 

79 

2.4 

2.6 

2* 

6x102 

4.2x102 

Acetylene  Black  Y50A 

Conductive 

59 

2.4 

2.6 

2 

IxlOl 

5.6x102 

Acetylene  Black  Y50A1 

Conductive 

70 

2.4 

2.5 

2 

lxl03. 

4.8x102 

Carbon  Black  TB4500f 

Conductive 

60 

2.1 

2.0 

1.8. 

7x102 

5.6x102 

Carbon  Black  TB4500p 

Conductive 

60 

2.1 

2.0 

2.6 

7x102 

5.6x102 

Carbon  Black  TB4500h 

Conductive 

51 

2.1 

2.0 

1.9 

7x102 

6.6x102 

Carbon  Black  N990 

Thermal 

9 

2.0 

2.0 

2* 

4x102 

3.7x102 

SA  673  (Norton) 

Alumina-Silica 

>100t 

2.3 

2.3* 

9x102 

<2.7x102 

Sipemat  22LS 

Precipitated  Silica 

167 

2.0 

2.0 

.2.0 

2x102 

1.7x1o2 

Silica  Xerogel 

620 

2.3* 

3x10^ 

4.4x10^ 

Notes  for  Table  I 

*  These  values  are  surface  fractal  dimensions  D^,  because  the  intensity  curves  show  that 
these  aggregates  are  surface  fractals. 

t  Information  supplied  by  the  manufacturer. 

(a)  Some  of  the  Sbet  values  are  listed  in  Ref.  15.  The  others  come  from  our  unpublished 
results. 

(b)  Surface-fractal  dimensions  of  the  primary  particles  obtained  with  Eq.  (4)  from  the  region  of 
the  intensity  curve  that  corresponds  to  the  power-law  region  of  Region  4  in  Fig.  2. 

(c)  Surface-fractal  dimensions  calculated  from  Frenkel-Halsey-Hill  plots.  Some  of  these 
results  are  included  in  Ref.  15,  and  others  are  our  unpublished  calculations. 

(d)  Mass-fractal  dimensions  or  surface  fractal  dimensions  Dg  calculated  from  the  exponents 
a  from  the  region  of  the  intensity  curve  that  corresponds  to  Region  3  in  Fig.  2. 

(e)  Average  primary  particle  diameter  b  estimated  from  the  part  of  the  the  intensity  curve  that 
corresponds  to  Region  4  in  Fig.  2. 

(f)  Average  primary  particle  diameter  b  estimated  from  the  the  BET  specific  surface  and 
the  mass  density  p  by  use  of  the  equation  b  =  6/(pSbet).  The  mass  density  values  p  =  1.8 
g/cm^  and  p  =  2.2  g/cm^  were  used  for  carbon  black  and  silica,  respectively.  (With  this 
equation,  we  calculated  b  in  cgs  units.  These  b  values  are  converted  to  A  in  Table  I.) 


As  we  have  mentioned,  the  power  law  at  the  smaller  q  values  corresponds  to  Region  3  in  Fig. 
2  and  so  the  exponent  a  calculated  from  this  part  of  the  intensity  curve  is  associated  with  the  pro¬ 
perties  of  the  aggregates.  (According  to  the  resolution  criterion  expressed  by  Inequalities  (2),  q  is 
not  large  enough  in  this  region  to  resolve  the  individual  pimary  particles.) 

In  all  of  the  samples  except  the  silica  xerogel,  the  primary  particles  are  large  enough  that  both 
the  average  radius  of  gyration  and  the  power-law-scattering  exponent  p  -  6  -  can  be  computed. 

We  calculated  b  for  the  silica  xerogel  by  a  least-squares  fit  of  an  equation  equivalent  to  Eq. 
(6).^^  The  other  b  values  in  this  column  of  Table  I  were  estimated  by  a  comparison  of  the 
radius-of-gyration  region  of  the  plot  of  I(q)  for  the  sample  with  corresponding  region  of  the  I(q) 
plot  for  the  silica  xerogel. 

The  column  labeled  or  D^”  in  Table  1  gives  the  either  mass-fractal  dimensions  Dj^  or 
surface-fractal  dimensions  Dg  that  we  calculated  from  the  the  power-law  scattering  exponents  a 
that  we  obtained  from  fits  to  the  I(q)  curve.  These  fits  showed  that  some  of  the  aggregates  were 
mass  fractals  and  that  other  aggregates  were  surface  fractals.  In  Table  I,  surface-fractal 
dimensions  are  denoted  by  asterisks.  In  some  of  the  I(q)  plots,  the  the  power-law  region  in  the 
I(q)  curve  from  which  we  computed  the  exponent  a  was  so  short  that  in  Table  I,  these  values  of 
Dg  could  legitimately  be  expressed  to  only  one  significant  figure. 
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The  average  diameters  and  the  surface-fractal  dimensions  of  the  primary  particles  obtained 
from  the  scattering  data  and  from  the  adsorption  measurements  are  in  reasonable  agreement. 

The  aggregates  in  all  of  the  samples  are  so  large  that  from  the  scattering  data,  we  could  find 
only  the  lower  limit  of  the  aggregate  diameter.  Figures  1  and  3—6  show  that  there  is  power-law 
scattering  even  for  qmin  =  3  x  lO'^  which  is  the  smallest  q  value  at  which  we  recorded  reli¬ 
able  data.  Therefore,  the  condition  qA  »  1  was  satisfied  even  at  qmin.  Since  our  experience 
has  shown  that  this  condition  is  reasonably  well  satisfied  for  qA  >  n,  we  have  concluded  that  for 
all  samples  that  we  examined,  A  >  it/qmin  =  1  [im  . 

We  now  conclude  with  a  few  comments  about  some  of  our  results.  First,  the  a  values  that 
we  obtained  show  that  the  silica  xerogel,  the  alumina-silica,  and  carbon  blacks  N330  and  N990 
are  surface-fractal  aggregates.  All  of  the  other  aggregates  are  mass-fractals. 

Acetylene  black  Y50A1  was  activated  by  oxidizing  Y50A  at  1000°  C.  The  small-angle 
scattering  intensities  from  the  two  acetylene  blacks  are  indistinguishable.  Carbon  black  TB4500h 
was  prepared  by  heating  fluffy  carbon  black  TB4500f  at  1800°C.  The  intensity  curves  from  the 
two  samples  are  very  nearly  identical.  Also,  the  difference  between  estimates  of  the  diameters  of 
the  particles  of  the  three  TB4500  samples  obtained  from  the  intensity  curves  and  from  Sb^t  do  not 
exceed  the  uncertainty  in  our  estimates  of  b  from  the  I(q)  curves.  Carbon  black  TB4500p  was 
produced  by  pelletizing  TB4500f  The  mass-fractal  dimension  Dm  of  TB4500p  is  appreciably 
higher  than  those  of  TB4500f  and  TB4500h,  and  for  q  <  10  ,-3  A-i,  the  I(q)  curve  for  TB4500p 
is  different  from  those  for  TB4500f  and  TB4500h  .  Thus,  our  examination  of  the  TB4500  and 
the  Y50A  samples  shows  that  although  heat  treatment  or  oxidation  produce  no  detectable  change 
in  in  I(q),  the  form  of  I(q)  for  q  <  10'^  A'l  is  considerably  changed  by  pelletization. 
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ABSTRACT 

The  kinetic  behavior  of  Fe(0H)3  and  A1(0H)3  powders  during  thermal  dehydration  is 
investigated.  It  has  been  shown  that  the  dehydration  rate  is  governed  by  the  value  of 
fractal  dimension  of  the  sample  without  any  respect  to  the  nature  of  metal  atom  in 
hydroxide.  The  quantitative  model  fpr  dehydration  of  fractal  particles  with  parricular 
value  of  fractal  dimension  is  suggested.  Theoretical  predictions  are  in  a  good  a^eement 
with  experimental  data. 

INTRODUCTION 

Synthesis  of  the  most  multicomponent  oxide  materials  usually  requires  methods  based 
on  the  chemical  homogenization  of  initial  reagents.  Application  of  these  methods  (like  sol- 
gel  process,  spray  drying  and  freeze  drying)  leads  to  oxide  precursors  with  high  reactivity 
that  implies  that  solid  state  reagents  can  effectively  participate  in  chemical  reaction. 
However,  the  notion  “reactivity”  is  rather  qualitative  and  it  is  yet  not  clear  how  to 
characterize  it  for  any  given  solid  state  sample. 

Recently  in  refs.  [1]  the  idea  that  reactivity  is  determined  by  surface  fractal  dimension  of 
the  sample  has  been  suggested.  It  is  well-known  that  the  rate  of  solid  state  reaction 
strongly  depends  upon  surface  structure,  and  the  latter  may  be  quantitatively  described  in 
terms  of  fractal  geometry  [2].  In  the  present  work  we  synthesized  iron  (III)  and  aluminum 
hydroxides  with  different  fractal  dimensions  and  tried  to  find  out  how  would  the 
difference  in  fractal  structure  influence  kinetics  and  mechanism  of  their  dehydration. 

EXPERIMENT 

Synthesis  of  the  samples 

Iron  (III)  and  aluminum  hydroxides  were  synthesized  as  follows:  0.5  M  water  solution 
of  corresponding  nitrate  was  treated  by  portions  of  anion-exchange  resin.  The  latter  was 
preliminary  transformed  into  OH-  -  form  using  4M  KOH  solution  and  then  washed  by 
distilled  water  to  pH=7.  The  formation  of  colloidal  particles  of  iron  and  aluminum 
hydroxonitrates  accompanied  the  ion  exchange.  The  solutions  were  treated  by  small 
portions  of  the  resin  so  that  their  pH  could  be  controlled.  We  prepared  three  colloidal 
solutions  of  iron  hydroxide  (pH=2.43,  3.37,  3.9)  and  five  colloidal  solutions  of  aluminum 
hydroxide  (pH=5.04,  5.80,  5.94,  6.49,  7.01).  These  samples  are  mentioned  below  as  samples 
FE-2.43,  FE-3.37,  FE-3.9  and  AL-5.04,  AL-5.80,  AL-5,94,  AL-6.49,  AL-7.01  respectively. 

Measurement  of  fractal  dimension  of  colloidal  particles 

The  fractal  dimension  of  colloidal  particles  in  the  obtained  solutions  was  measured  by 
means  of  optical  method.  This  method  is  based  on  the  correlation  between  optical  density 
of  the  solution  and  wavelength  of  incident  radiation  X  [1].  Substantial  broadening  of 
electron  transition  peaks  in  visible  range  was  observed  for  all  of  the  samples.  We  assume 
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that  the  broadening  arise  due  to  the  existence  of  large  colloidal  particles  possessing  many 
oscillation  modes. 

It  is  quiet  natural  to  suppose  that  particles  in  the  solution  are  fractal  with  particular 
fractal  dimension,  D.  Let  us  determine  the  connection  between  the  shape  of  electron 
transfer  peak  and  the  value  of  Z).  Solid  state  oscillation  theory  gives  us  the  following 
functions  of  wave  vectors  density  g(k)  upon  oscillatory  wave  vector  k  [3]: 
g(k) -const  -  for  one-dimensional  chains; 
g(k)ock  -  for  two-dimensional  layers; 
g(k)ock^  -  for  three  dimensional  body. 

One  can  suppose  that  for  the  fractal  particle  with  dimension  large  enough  D: 

g(k)ocl^-‘  (I) 

For  low  oscillation  frequencies  o,  k  is  proportional  to  o)  and  therefore 

g(o})ccof’'^  '  (2) 

According  to  the  Boltsman  law  only  very  low  frequencies  are  populated  in  the  main  state. 
Thus,  the  probability  of  transfer  to  the  excited  state  as  a  function  of  co  is  given  by  the 
following  formula: 

P(cb)ccoP-‘  (3) 

Using  the  classical  approach,  we  should  take  into  account  that  absorption  of  light  with 
frequency  o)  may  lead  to  transitions  with  frequencies  cD(  <(0.  Therefore,  intensity  of 
absorption  can  be  calculated  as 


0) 


I(o))  =  J  P{ct))d(D  oc  aP 

(4) 

©0 

I(X)ocX^ 

(5) 

In  fig.  1  the  plot  of  dependence  log  /-  log  X  for  sample  AL-6.49  is  given.  One  can  see  that 
dependence  is  linear  with  the  tangent  Z)=1.97±0.03  in  the  region  of  large  X  (i.e.  for  low 
frequencies  for  which  eqn.(2)  is  correct).  The  analogous  plots  for  other  samples  are  similar 
to  that  shown  on  fig.  1,  differing  only  by  the  slopes  of  the  lines. 

-0.2 

*0.4 

i  -0-6 

’w 

§  -0.8 

^  -1.0 
D) 

O 

“  -1.2 
-1.4 

-3.0  -2.9  -2.8  -2.7  -2.6  -2.5  -2.4  -2.3 

log  X 

Fig.  1.  Dependence  between  absorption  intensity  and  light  wavelength  for  sample  AL-6.49 

in  logarithmic  coordinates. 


406 


The  values  of  fractal  dimension  obtained  by  the  technique  mentioned  above  are  in  a 
good  agreement  with  adsorption  experiment  data  [1]. 

Freeze  drying  and  TG  analysis 

After  the  measurement  of  fractal  dimension  the  solutions  were  subjected  to  freeze 
drying.  This  technique  was  used  to  preserve  the  fractal  properties  of  the  obtained  powders. 

Dehydration  of  iron  (III)  and  aluminum  hydroxides  was  investigated  in  polythermal 
regimes  (heating  rates  5, 7  and  I07min).  We  found  that  TG  curves  at  heating  rates  of  5 
and  7°/min  coincided  (see  fig.  2). 


Fig.2.  Dehydration  of  Fe(OH)3  sample  (Z)=2.17)  at  different  heating  rates. 

This  implies  that  at  every  temperature  the  water  content  of  the  samples  is  equilibrium. 
At  the  same  time  the  outlook  of  TG  curves  regularly  changed  together  with  the  increase  of 
fractal  dimension. 

RESULTS 

In  the  present  section  we  tried  to  define  the  way  fractal  dimension  governs  the  rate  of 
dehydration  of  the  samples.  Let  us  consider  a  fractal  particle  as  a  porous  media  with 
power  distribution  of  pore  sizes.  According  to  the  Calvin-Thompson  law  the  boiling 
temperature  of  water  filling  in  the  small  capillaries  is  higher  than  that  of  water  in  big 
capillaries.  Therefore,  assuming  the  dehydration  to  be  equilibrium,  we  can  suggest  the 
following  quantitative  model  for  dehydration  of  fractal  particle  with  particular  value  of 
fractal  dimension.  The  model  is  based  on  the  following  assumptions: 

1)  boiling  point  of  water  in  pore  T(r)  increases  with  the  decrease  of  pore  radius  r; 

2)  dehydration  is  equilibrium,  therefore  at  temperature  7}  water  contains  only  in  pores 
with 

tadur<R^(Ti): 

3)  mass  of  water  in  a  pore  with  radius  r:  m(r)  xr^; 

4)  pore  size  distribution  function  for  fractal  with  dimension  D: 

f(r)^r‘’  (6) 
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5)  surface  tension  a  decreases  with  the  increase  of  temperature: 

a(T)=u,(l-P(T-n))  (7) 


where  oj  is  surface  tension  at  boiling  point  (Tb=373K)y  ;5=const; 

Thus,  the  mass  of  water  m  containing  in  the  sample  at  temperature  T  is  defined  by  the 
following  equation: 

m(7)oc  (8) 

where  Rq  is  the  minimal  pore  radius,  R^ax('I')  -radius  of  the  largest  pore  still  containing 
water. 

RTnax(T')  can  be  derived  from  thermodynamic  considerations: 


AG,=AH,-TAS,^2a(T)/R^,,^AH^-TAS,’^2at,(l-p(T-T,))^^ 


_lat{\-p(T-%)) 
iT-%)ASb 
Since  at  the  critical  temperature  '^crit 


G(T,ru)=O^T,ru^n^l/p 
Therefore,  Rj„ax('I')  can  be  found  as: 


(10) 

(11) 


(9) 


Rma.(T)  -^2a,p(T,^rT)/(T-n)AS,  cx:  [(T,,u-T)/(T-T,)  ]  (12) 

Integrating  (7)  taking  in  account  eqn.  (12)  gives: 

m(T)  X  1-a oc  [(Z^,-T)/(T-n,)  (13) 


where  a  is  the  degree  of  decomposition,  D  -  fractal  dimension. 

We  plotted  the  experimental  TG  curves  in  coordinates  log  (m)  -  log  [ (Tcr{rT)/(T~Ti,i) ]. 
In  these  coordinates  they  have  the  linear  areas  in  the  temperature  range  350  -  600  K  (fig.  3). 


Fig.3.  TG  curves  for  the  samples  with  different  values  of  fractal  dimension,  D,  plotted  in 
logarithmic  coordinates  corresponding  to  eqn.  (13). 
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Comparison  of  the  slopes  of  the  lines  plotted  in  coordinates  corresponding  to  eqn.  (13) 
with  fractal  dimensions  of  the  samples  measured  by  optical  method  is  given  in  table  1. 

Table  1.  Correlation  between  fractal  dimension  and  the  slopes,  tg  a,  of  TG  curves  shown 


in  fig.3. 


Sample 

D 

(3-tg  a) 

FE-2.43 

2.17±0.03 

2.09±0.05 

FE-3.37 

2.28±0.03 

2.16±0.09 

FE-3.90 

2.03±0.03 

1.88±0.14 

AL-5.04 

2.42L0.01 

2.34±0.03 

AL-5.80 

2.69±0.03 

2.61L0.09 

AL-5.94 

1.85±0.03 

2.14±0.0S 

Al-6.49 

1.97±0.03 

2.02±0.07 

AL-7.01  ^ 

2.52±0.03 

2.48±0.06 

CONCLUSIONS 

In  the  present  work  we  have  found  quantitative  correlation  between  the  value  of  surface 
fractal  dimension  of  solid-state  samples  and  thermodynamic  parameters  of  their 
dehydration.  Therefore  fractal  model  was  shown  to  be  useful  for  description  of 
dehydration  of  highly-dispersed  powders. 

REFERENCES. 

1.  A.A.Vertegel,  S.V.Kalinin,  N.N.Oleynikov,  Yu.D.Tretyakov,  The  fractal  particles  of 
iron  (III)  hydroxonitrate:  from  solution  to  solid  state,  Journal  of  Non-Crystalline  Solids, 
181  (1995),  146-150. 

2.  A.Harrison,  Fractals  in  Chemistry  (Oxford  University  Press,  Oxford,  1995) 

p.  66 

3.  R.  Blakemore,  Physics  of  Solid  State.  “Mir”,  Moscow,  1991,  pp.  65-68  (in  Russian). 
ACKNOWLEDGMENTS 

This  work  was  partially  supported  by  International  Science  Foundation  (grant  No. 
MPI300),  ISSEP  grants  a-440x  and  191_s  and  Russian  Foundation  of  Fundamental 
Research  (grant  No.  93-03-5811). 


409 


FRACTAL  ANALYSIS  OF  THE  MICRO  STRUCTURE  OF  AISI  304  STEEL. 
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ABSTRACT 

The  present  work  reports  the  results  of  fractal  analysis  of  the  grain  boundaries  of  AISI  304 
stainless  steel.  Microstructure  in  the  non  deformed  condition  is  compared  against  microstructure 
with  50%  tensile  strain.  Observations  were  made  by  optical  microscopy,  magnifications  used  were 
50,  100,  200,  400,  and  lOOOx.  Measurements  were  made  over  digitized  images  using  image 
analysis.  Fractal  dimension  of  the  grain  boundaries  were  obtained  using  Richardson  plots  of 
perimeter  against  yardstick  length.  Our  results  agree  well  with  reported  values  for  different 
natural  fractal  curves.  We  found  that,  in  general ,  grains  exhibit  two  different  fractal  dimensions: 
one  structure  dimension  that  gives  information  about  the  morfology  of  the  grain  and  one  texture 
dimension  which  accounts  for  the  fine  details  of  the  grain  boundaiy. 

INTRODUCTION 

Fractal  Geometry  offers  new  tools  for  the  analysis  of  microstructural  features^''^.  Natural  objects 
are  often  too  irregular  to  be  described  by  traditional  geometry.  Fractal  dimension  and  self¬ 
similarity  are  essential  features  of  a  fi-actal  object.  Fractal  dimension  is  a  measure  of  the 
complexity  of  a  figure  or  the  efficiency  of  a  set  to  fill  the  metric  space  in  which  it  lies.  For  natural 
curves,  fractal  dimension  can  be  estimated  by  several  experimental  techniques^  Fractal  analysis 
assumes  that  certain  microstructural  features  can  be  well  described  as  natural  fractals  with  a 
characteristic  fractal  dimension  that  can  be  measured  by  simple  experimental  procedures.  Fractal 
analysis  had  been  applied  by  a  number  of  workers^' to  explore  the  fractal  nature  of  a  variety  of 
microstructural  features  (  fracture  surfaces,  dislocations,  dendrites,  carbides,  among  others).  In 
the  present  work  we  apply  fractal  analysis  techniques  to  describe  the  microstructure  of  AISI  304 
stainless  steel.  Grain  boundaries  are  treated  and  described  as  natural  fractals  whose  length 
depends  on  the  magnification  used  to  observe  and  measure  them. 

MATERIAL 

Samples  were  obtained  from  an  AISI  304  stainless  steel  cilindrical  bar  of  the  following  chemical 
composition  (%  wt):  19.94  Cr,  8.55  Ni,  1.3  Mn,  0.06  C. 

EXPERIMENTAL 

Samples  in  the  non  deformed  condition,  as  well  as  samples  with  50%  tensile  strain  were  prepared 
for  metallographic  observation.  Observations  were  made  by  optical  microscopy  using 
magnifications  of  50,  100,  200,  400,  and  1000  X.  Microstructures  were  digitized  to  a  resolution 
of  640  X  480  pixels.  Measurements  were  taken  with  the  aid  of  an  automatic  image  analizer  (Leica 
Quantimet  520)  with  calibration  factors  of  1.904,  0.952,  0.479,  0.239,  and  0.095  microns  per 
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pixel.  This  calibration  factor  is  the  yardstick  length  used  to  made  the  measurements  at  each 
magnification.  For  each  specimen,  measurements  of  grain  boundaiy  length  were  made  over 
randomly  selected  grains.  Fractal  dimensions  of  the  microstructures  were  obtained  using 
Richardson  plots  of  normalized  perimeter  against  normalized  yardstick  length.  Normalization  was 
made  with  respect  to  Feret  diameter  of  the  grains. 

RESULTS 

Fig.l  shows  the  digitized  images  of  the  microstructure  of  the  AISI  304  steel.  The  effect  of  plastic 
deformation  is  observed  as  a  reduction  in  grain  size,  and  a  higher  degree  of  disorder  in  the 
microstructure.  Table  I  gives  results  of  the  measurements  made  over  a  typical  grain  in  particular. 
The  increase  in  perimeter  at  progressively  higher  magnifications  is  clearly  seen.  Calibration  factors 
at  each  magnification  are  included  in  this  table,  along  with  maximum  Feret  diameter  of  the  grain. 
These  calibration  factors  are  the  yardstick  used  in  the  measurements.  In  order  to  allow 
comparison  with  different  natural  profiles,  measurements  and  yardstick  were  normalized  with 
respect  to  Feret  diameter,  X  represents  the  normalized  yardstick. 


a)  Non  deformed  sample _ b)  50%  tensile  strain 

Fig.  1. -Digitized  images  of  the  microstructure  of  AISI  304  stainless  steel  lOOx. 


AIST  304  STEEL  ,  NON  DEFORMED  CONDITION. 


Magnification 

calibration  factor 
=  yardstick  length 
(um/pixel) 

perimeter 

(pm) 

perimeter 

(pm) 

X 

(normalized  yardstick 
length) 

50 

223 

83.4 

0.02283 

100 

0.952 

229.5 

0.01141 

200 

0.479 

232 

0.00574 

400 

0.095 

237 

0.00286 

Tabla  /.-  Results  obtained  over  a  particular  grain  in  the  non  deformed  samples. 
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Data  obtained  were  plotted  on  Richardson  plots  of  normalized  perimeter  against  normalized 
yardstick  length.  Fig.  2  shows  the  Richardson  plot  for  the  grain  whose  data  are  presented  in  table 
/.  The  linear  regression  line  is  included,  for  this  this  line  r  =  0.986.  From  this  line  ,  fractal 
dimension,  D,  is  calculated  according  to  the  expression  D  =  1-  m,  where  m  is  the  slope  of  the 
regression  line  in  the  Richardson  plot.  For  this  grain,  fractal  dimension  was  calculated  as  1.028. 
Similar  values  were  obtained  for  a  number  of  grains’"^,  both  in  the  non  deformed  and  the 
deformed  samples. 


Fig.  2.-  Richardson  plot  for  a  grain  in  the  non  deformed  sample,  ’’lamda”  represents  the 
normalized  calibration  factor  or  the  normalized  yardstick  length; ’’logperinorm"  represents  the 
normalized  perimeter.  For  this  grain  D  has  value  of  1. 028. 

Fig.  3  shows  the  Richardson  plot  for  another  grain  in  the  non  deformed  sample,  for  this  grain 
data  were  fitted  by  two  different  regression  lines.  Two  different  fractal  dimensions,  with  values 
1.208  and  1.149  were  calculated  for  this  grain.  A  number  of  grains  in  both  kind  of  samples 
showed  this  behavior. 


AISI  304  STEEL,  NON  DEFORMED,  GRAIN  2 


‘Texture,  D  =1.028 
Structure,  D  =1.149 


Fig.  3.-  Richardson  plot  for  a  grain  with  two  different  fractal  dimensions  in  the  non  deformed 
samples. 
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Fig.  4  shows  the  Richardson  plots  for  5  representative  randomly  selected  grains  in  the  non 
deformed  sample.  Fig.  5  Shows  results  for  another  5  grains,  this  time  in  the  50%  deformed 
samples.  Data  for  grains  with  one  fractal  dimension,  as  well  as  grains  with  two  fractal  dimension 
are  included  in  both  figures. 


AISI  304  STEEL,  NON  DEFORMED 


Lamda 


Fig.  4.-  Richardson  plots  for  five  grains  in  the  non  deformed  samples. 


Fig.  5.-  Richardson  plot  for  five  grains  in  the  50  Vo  deformed  sample. 

DISCUSSION 

Microstructures  analized  in  this  work  show  austenite  grains  with  boundaries  that  look  quite 
straigth.  However,  results  of  the  measurements  show  that  the  measured  perimeter  of  grains 
depends  on  magnification  used,  i.e.  they  exhibit  Richardson  effect^"*.  This  fact  reveals  the  fractal 
character  of  these  grain  boundaries.  From  this  result,  we  can  say  that  grain  boundaries  on  this 
material  can  be  treated  and  described  as  natural  fractals. 

The  use  of  normalized  quantities  in  Richardson  plots  allows  comparison  of  the  results  obtained  in 
grains  with  different  sizes,  as  well  as  with  results  published  for  different  natural  fractals.  Yardstick 


414 


length,  X,  was  normalized  with  respect  to  Feret  diameter,  and,  as  can  be  seen  in  figs  3  and  4,  had 
values  in  the  range  0.001-  0.1.  It  had  been  established^  that  in  order  to  obtain  adecuate  results  in 
applying  this  fractal  analysis,  this  parameter  must  take  values  not  greater  than  0.3.  Our 
measurements  are  well  below  this  upper  limit.  Richardson  plot,  fig  2,  for  grain  1  in  the  non 
deformed  sample  shows  an  excellent  fit  with  the  regression  line,  with  a  value  of  r  =  0.986.  This 
high  value  is  typical  and  representative  of  the  data  analized. 

In  the  case  of  grain  2,  Richardson  plot,  fig  3,  shows  that  these  data  were  well  fitted  by  two 
regression  lines  that  give  two  different  fractal  dimension.  The  break  point  of  these  lines  is 
?i~0.01 1.  For  values  of  lower  than  0.01 1,  measurements  and  fractal  dimension  give  information 
about  the  fine  details  of  the  grain  boundary.  Using  the  nomencalture  of  Kaye^  we  called  this 
dimension  “texture  dimension”.  For  values  of  X  higher  than  0.011,  the  corresponding  fractal 
dimension  gives  information  about  the  general  structure  and  morfology  of  the  grain,  this 
dimension  is  called  “structure  dimension”,  and  was  observed  to  take  higher  values  than  texture 
dimension.  The  values  of  fractal  dimension  obtained  in  this  work  are  of  the  order  of  previously 
reported  values  for  grain  boundaries  in  AISI  316L  steel,  carbide  profiles  in  tool  steels,  and  several 
other  natural  fractal  curves.  As  an  example,  Kaye^  reports  values  in  the  order  of  1 . 1 5  for  fractal 
dimension  of  irregular  aggregates  of  particles  of  carbon  black. 

Figs.  4  and  5  show  that  in  this  material,  in  the  non  deformed  condition,  as  well  as  in  the  50  % 
deformed  condition,  there  exist  two  different  types  of  grains:  those  can  can  be  described  with  just 
one  fractal  dimension  and  those  that  exhibit  the  two  fractal  dimensions  discussed  above.  The 
effect  of  deformation  on  the  fractal  structure  of  the  grains  is  reflected  in  sligth  differences  in 
Richardson  plots. 

CONCLUSIONS 

Grain  boundaries  in  the  material  analized  show  statistical  self  similarity  and  exhibit  Richardson 
effect  in  the  range  of  yardstick  lengths  used  in  the  present  work.  These  facts  indicate  that  grain 
boundaries  can  be  described  as  natural  fractals  with  dimension  that  can  be  calculated  easily  with 
the  aid  of  Richardson  plots. 

In  the  microstructures  studied,  two  types  of  grains  were  identified:  grains  with  only  one  fractal 
dimension  and  grains  with  two  different  fractal  dimensions.  In  the  case  of  grains  with  two  fractal 
dimensions,  texture  dimension  gives  information  about  the  ruggedness  of  the  boundary,  whereas 
structure  dimension  accounts  for  the  general  structure  of  the  grains,  and  has  a  greater  value  than 
texture  dimension.  Richardson  plots  reflects  slight  differences  between  the  non  deformed  and  the 
50%  deformed  samples. 
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